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Abstract 
Vegetated buffer strips are a management practice implemented in agricultural landscapes 
because of their effectiveness in reducing the transport of phosphorus (P) to surface water. 
However, in northern climates, buffers can become a source of P when soils are frozen and 
vegetation is dead or dormant during the most significant runoff period. This research 
investigated buffer vegetation as a potential source of P at the Morden Research Station, 
Manitoba. Vegetation sampling in two new buffers and an established buffer in fall 2015 and 
spring 2016 showed biomass P loss of 32-47% and an increase in soil Olsen P of 25-43% 
over winter. Thus, it is likely that much of the leached P was retained in the soil. Laboratory 
experiments subjected timothy grass to zero, three or six freeze-thaw cycles (FTCs), followed 
by extraction to leach P. Results showed an increased number of FTCs resulted in increased 
concentrations of leached P.
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Chapter 1 Phosphorus, Flow Pathways and Buffer Strips: A Literature Review 
1.1 Introduction 
The Lake Winnipeg Basin (LWB) is the second largest watershed in Canada, receiving 
water from nearly 1 x 106 km2, including four Canadian provinces and four U.S. states 
(Brunskill, Elliott, & Campbell, 1980). It is one of the largest hydro-electric resources in the 
world and is also a resource for fishing and recreation that sustains local economies. Land 
use throughout the basin varies geographically, but the primary use of land is for agriculture, 
constituting nearly 650,000 km2 of the basin according to the 2006 census (Levesque & Page, 
2011). Three major tributaries: the Saskatchewan River, Winnipeg River, and Red River, 
account for 91% of discharge to the lake, and all three of these tributaries flow through 
agricultural landscapes that export excess nutrients, including phosphorus (P) into the lake 
(Bourne, Armstrong, & Jones, 2002; Levesque & Page, 2011). This can be problematic 
because excess P can create algae blooms that can have detrimental effects on aquatic life 
and water quality in the lake (Armstrong & McCullough, 2011; Kotak, Gurney, Herber, & 
Kling, 2011; Page, 2011). These three tributaries are responsible for 80% of the total 
phosphorus (TP) load in the lake, but the Red River and one of its largest tributaries, the 
Assiniboine River, are responsible for 68% of that load (Levesque & Page, 2011).  
The land within the Red River Basin (RRB) is primarily managed agricultural land, and 
has also recently experienced an increase of commercial hog farming, peaking in 2006 with 
9.1 million head in Manitoba alone (Brewin, Honey, & Young, 2007). This number has 
subsequently declined annually, down to 8 million head in 2010 (Honey, 2010).  This 
increase in animal production also increases manure production, estimated to be 
approximately 346,000 tonnes annually on a dry basis and approximately 7,000 tonnes 
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annually of TP, much of which is spread on the landscape and can contribute P to surface and 
groundwater (Brewin et al., 2007; Levesque & Page, 2011). Additionally, increased 
precipitation and more frequent spring floods in the P enriched soils of the RRB have 
increased nutrient loads in recent years (McCullough et al., 2012; Schindler, Hecky, & 
McCullough, 2012). 
When P moves through streams and rivers into large bodies of water and becomes 
bioavailable, there is often an increase in plant and algae growth, causing eutrophication of 
the receiving water body. Eutrophication is a major concern for Lake Winnipeg and has 
resulted in much research into the mechanisms by which P moves into its tributaries and the 
various management practices commonly implemented to reduce this problem (Lobb, Flaten, 
Randall, Owens, & Caley, 2012). All point sources of P combined make up only ~10% of the 
load to the lake, so effective P reduction strategies will also require focus on parts of the 
basin where non-point sources of P are major contributors (LWSB, 2006). A number of 
studies have shown that there is a strong relationship between watershed land use and 
nutrient concentrations in the aquatic environment, pointing to agriculture as the dominant 
non-point source of P because rates of manure and synthetic fertilizer input exceed rates of 
removal from crops (Carpenter et al., 1998; Pip, 2005; Yates, Culp, & Chambers, 2012). 
Thus, much of the focus of P reduction strategies has been on agricultural best management 
practices (BMPs) that aim to reduce non-point source P loading to the lake. A common BMP 
being implemented widely throughout the basin is vegetated buffer strips, which aim to retain 
sediment from runoff and encourage uptake of excess soil P by vegetation. 
Across the Canadian Prairies, fertilizer use has increased over time but has leveled off 
with approximately 70% of all farms reporting commercial fertilizer application, though that 
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percentage is higher (75.9%) among large farms (Dorff & Beaulieu, 2011). Commercial 
fertilizer use has increased nearly 14% from 1980-81 to 2010-11, but commercial phosphate 
applications have risen significantly less than nitrate applications from 635 metric tonnes in 
1980-81 to 723 metric tonnes in 2010-11, while annual crop yield has also increased (Dorff 
& Beaulieu, 2011). Additionally, throughout the 1900’s and continuing today, land 
intensification is occurring as native prairie and managed grasslands are converted to 
intensive row cropping across the Canadian Prairies. From 1985 to 2001, 500,000 acres of 
wetlands were lost in the Canadian Prairie Pothole Region, 310,000 of which were converted 
to cultivated crops (Watmough & Schmoll, 2007). According to the Canadian Census of 
Agriculture, from 2006 to 2011 summer fallow area decreased 40.5%, woodlands and 
wetlands decreased by 8.8% and tame hay and alfalfa grasslands decreased by 14% 
(Statistics Canada, 2011). The combination of increased fertiliser application and 
intensification of land use from wetlands and grasslands to cultivated cropland can have 
negative effects on water quality within the basin. 
Much past and current research within the watershed has attempted to characterize 
sources and reduce loading of sediment and associated P from non-point agricultural sources 
(Liu, Elliott, Lobb, Flaten, & Yarotski, 2014; Lobb et al., 2012). However, there is not a 
complete understanding in the basin of how water moves through both surface and 
subsurface flow pathways. This is in part because the climate of the LWB, part of the 
Canadian Prairie region of the Great Plains, is classified as cold continental (Levesque & 
Page, 2011), where soil and vegetation freeze for long periods during the year and should not 
be compared to basins in warmer climates. Additionally, contributions of P from 
groundwater had mostly been ignored, but recent research has showed that groundwater can 
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be a potential pathway of P from non-point sources to surface waters, particularly in sandy 
soils (Sims, Simard, & Joern, 1998) and soils with high concentrations of soil P (Allen, 
Mallarino, Lore, Baker, & Haq, 2012). Soils in the basin range from sands to clays, which 
impacts the ability of water to move through soil both laterally and vertically.  
By undertaking a hydrologic assessment of a small research site within the LWB, one of 
the objectives of this study is to understand the movement of water and P in a sandy 
agricultural sub-basin, particularly in the context of water movement within and through 
buffers. Additionally, as research into the effectiveness of buffers within the northern prairie 
landscape evolves, there are gaps in the research that need to be filled in order for 
landowners to implement buffers that will function efficiently for a long period of time. 
These gaps include what species of vegetation to plant and how to manage vegetation planted 
for the purpose of protecting surface waters when the ground and vegetation are frozen for a 
long duration; this work forms another objective. While buffers can be designed and 
managed as sediment traps, the vegetation within the buffer is also crucial with regards to P 
uptake and potential P leaching.  
1.2 Background 
1.2.1 Phosphorus  
Phosphorus is an essential nutrient for plant growth but in most environments it is 
considered a limiting nutrient. However, in regions where industrial agriculture dominates 
the landscape, application of P fertilizers can instead create the problem of excess P making 
its way to water bodies if fertilizer is applied in excess of crop needs or when timing or 
placement of fertilizer is improper (Frossard, Condron, & Oberson, 2000). For example, in 
lake systems, P that is bioavailable encourages increased plant and algae growth that can 
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cause eutrophication. Lake Winnipeg is one such system where excess P has created annual 
algae blooms in both the North and South basins of the lake (Levesque & Page, 2011). 
However, because P exists in different forms it is worth noting that not all P making its way 
to the lake is immediately bioavailable but may become bioavailable over time.   
In the environment, P occurs in both organic and inorganic forms and can be further 
classified as dissolved or particulate. In its inorganic, dissolved form, P is immediately 
bioavailable to plants, whereas organic and particulate P must first be converted to 
bioavailable forms for use by most plant species. This conversion can occur through 
microbial and chemical processes occurring in the soil matrix and soil water.  
1.2.1.1 Soil Phosphorus 
Synthetic P fertilizers are applied to agricultural soils in the inorganic form so that ideally 
they can be immediately taken up by plants. However, soil P in both the organic and 
inorganic form can change form through various processes. These include microbial-based 
processes such as mineralization and immobilization and the abiotic processes of adsorption 
and desorption (Stewart & McKercher, 1982). 
Mineralization is the process by which organic P is converted to plant available inorganic 
P through microbial activity. Dissolved organic P (DOP) can be taken up and metabolized 
into inorganic P by various microorganisms (Molla, Chowdhury, Islam, & Hoque, 1984). 
Other soil microbes will do the opposite, metabolizing inorganic P into organic P (Frossard et 
al., 2000). This immobilization process results in a decrease in plant available P. Thus, 
mineralization and immobilization by soil microbes can either increase or decrease plant 
available P and these processes are dependent on other soil properties such as carbon content, 
soil moisture, temperature, pH, and cultivation practices (Dalai, 1977). The conversion 
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between P forms in the soil can also occur through adsorption and desorption. Adsorption 
occurs when available P binds to soil particles, in particular those soils with high iron, 
aluminum, and/or in soils with a high pH (Hinsinger, 2001). This process is reversible, and P 
that has been fixed in this way can be released back into the soil via desorption.  
The mechanisms involved with desorption are less well understood than adsorption 
because they rely on a wide range of soil characteristics including pH, electrical conductivity, 
mineral oxide type, organic matter and particle size (Wang & Li, 2010). However, P 
desorption occurs when the dissolved P concentration is less than the equilibrium P 
concentration at zero net sorption (Agudelo, Nelson, Barnes, Keane, & Pierzynski, 2011). In 
other words, if the concentration of dissolved P in the soil water is less than the sediment at 
zero net sorption, desorption will occur (Taylor & Kunishi, 1971). Additionally, desorption 
can occur through enzyme or chemical excretion by microbes (Richardson, 2001). While 
mineralization/immobilization and adsorption/desorption in the soil will not be directly 
quantified in this study, acknowledging their impact on soil available P is important in 
understanding the potential for P uptake by buffer vegetation and P transport to the surface 
water through subsurface flowpaths.  
In soils, P can be categorized as existing in three different categories or pools: solution, 
active or fixed (Busman, Lamb, Randall, Rehm, & Schmitt, 2009). Solution P in soils is the P 
that is the most bioavailable to plants because it is typically found in its inorganic, dissolved 
form. This is in direct contrast to fixed P pools that can stay in soils for years because they 
are comprised of complex, insoluble compounds and mineral forms. The fixed pool of P 
comprises the majority of soil P (Holford, 1997). The active P in soil is characterized as that 
fraction which is not immediately bioavailable, but is not as unavailable as the fixed sources. 
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The active pool consists of inorganic particulate-bound P that is easily dissolved as water 
moves through the soil matrix and is dependent on soil characteristics such as pH and the 
concentration of various cations (Hinsinger, 2001). 
With anion exchange, phosphate ions (H2PO2-) can be fixed or removed from solution 
when they bind with soil particles by substituting the phosphate ion for a hydroxyl group 
(OH-). While anion exchange commonly occurs in soils rich in aluminum (Al3+) or iron 
(Fe2+, Fe3+), there are other cations in soils including calcium (Ca2+) and magnesium (Mg2+) 
by which this process can occur (Midgely & Kelly, 1943). Phosphate fixing reduces the 
amount of P available for plant uptake, but also reduces the availability for P to be 
transported through the soil matrix into surface water bodies.  
Though much of the literature with regards to soil P focuses on the importance of 
inorganic P, it is also important to acknowledge the significance of organic P in soils and in 
the soil solution. As Gerke (2010) points out, most prior research focuses on adsorption and 
desorption of P to inorganic material and the role of soil organic matter is largely ignored 
because of the lesser effect of organic material on P adsorption to soil. However, because Al 
and Fe can form complexes with organic material that can then adsorb P, organic material 
may be more important in the solid phase then originally believed (Gerke, 2010). 
These findings extend to soil solution P, as a study in Belgium of the organic portion of P 
in the soil solution found that up to 50% of dissolved reactive P (DRP) was associated with 
the organic fraction (Hens & Merckx, 2001). The percent of P associated with organic 
material has been found to be reliant on soil pH, where one study found that in soils with pH 
values above 4, most of the dissolved P was bound to organic material (Gerke, 1992). 
Additionally, in a study investigating the leaching of dissolved P from agricultural soils, 
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Andersen, Windolf, & Kronvang (2016) found that the fraction of DOP was up to 96% of 
total dissolved P (TDP) and that there was a strong correlation between bicarbonate 
extractable soil P (Olsen P) and water extractable P, indicating Olsen P can be a useful 
indicator of leaching potential.  
Determining the variation of the organic and inorganic fractions of soil P across soil types 
and seasons is important when considering management practices to reduce subsurface P 
transport, but has been proven difficult. Magid & Nielsen (1992) found that dissolved 
inorganic P (DIP) generally varied inversely with soil moisture, but such a relationship did 
not exist for the organic fraction. Additionally, Ron Vaz, Edwards, Shand, & Cresser (1993) 
found a strong positive relationship between DOP and dissolved organic carbon (DOC) in the 
soil solution. This relationship extended throughout the soil profile leading the authors to 
conclude that the DOP was likely mobile through preferential flowpaths. Beauchemin, 
Simard, & Cluis (1996) also explored the relationship between different fractions of P in 
drainage water and found that there was a significant correlation between DOP and DOC. 
Further fractionation of DOP points to the fulvic acid fraction that makes organic P 
susceptible to transport through drainage water (Schoenau & Bettany, 1987). Thus, while 
organic P is often overlooked in its importance with regards to potential transport of P to 
surface waters, it is an important fraction that should not be ignored. While fractionation of 
soil solution P into DOP was not directly quantified in this study, acknowledging the 
potential for organic P to contribute to P loss in shallow groundwater is important. 
1.2.1.2 Plant Uptake of Phosphorus 
Once soil P is in a state where it is available for use by plants, it can be taken up by 
different mechanisms, but is primarily taken up by the process of diffusion (Barber, 1961). 
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Phosphorus moves along a concentration gradient from areas of high concentration to low 
concentration. Thus, when the concentration of mobile P is high in soils, it will move to the 
roots that have lower P concentrations. Diffusion is a slow process for a number of reasons, 
including the basic fact that pathways are not straight lines to roots – the pathways must 
move around soil particles. Additionally, adsorption can also slow the diffusion process, as 
can decreasing soil moisture because it diminishes the volume of soil water and solutes 
available to be transported (Hillel, 1980). Finally, because DIP is only available when present 
in the soil at higher concentrations than in plant roots, once plant roots have begun to uptake 
available P, near-root soil P becomes depleted. Once roots have reached a certain P 
concentration, it takes additional energy for the plant to take up additional P and begin to 
transport it throughout the plant (Smith, Jakobsen, Grønlund, & Smith, 2011). 
Plant senescence occurs when photosynthesis stops, at which point P within the senescing 
tissue is distributed away from leaves and roots, to other plant parts (Dosskey et al., 2010). 
When plants begin to decompose, they return P to the soil, and if not incorporated into the 
deeper soils, this P now contained within the soil can move into adjacent water bodies during 
major hydrologic events through dissolution or erosion (Räty, Uusi-Kämppä, Yli-Halla, 
Rasa, & Pietola, 2010).  
1.2.1.3 Phosphorus Transport in Northern Climates 
The ability for P to tightly bind to sediment particles and subsequently move into surface 
waters through overland runoff has garnered much attention in nutrient research (Sharpley et 
al., 1994). Due to the selective transport during runoff events of clay-sized particles and 
organic material to which P easily binds, a large portion of P removed from a watershed is 
often in the particulate form (Kleinman, Sharpley, Buda, McDowell, & Allen, 2011; 
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Sharpley, Kleinman, McDowell, Gitau, & Bryant, 2002). However, northern climates behave 
differently with regards to the generation of overland runoff because runoff is more 
frequently driven by the snowmelt in the spring rather than precipitation events throughout 
the rest of the year. Thus, when targeting P reduction strategies in the Canadian Prairies, the 
spring snowmelt is the time period of greatest importance. Studies throughout the Canadian 
Prairies have shown that up to 80% of annual runoff comes from snow (Glozier, Elliot, 
Holliday, Yarotski, & Harker, 2006; Granger, Gray, & Dyck, 1984; Little, Nolan, & Casson, 
2006; Nicholaichuk, 1984). This holds true not only in Canada, but in geographically diverse 
northern climates including the US and Scandinavia. Studies in Finland and Norway found 
that 70-80% and 90%, respectively, of runoff occurred during the spring snowmelt 
(Syversen, 2002; Uusi-Kämppä, 2005).  
Runoff generated from snowmelt is different from rainfall-generated runoff for two 
primary reasons: frozen soils and low kinetic energy. Frozen soils and vegetation reduce the 
ability for soil erosion to occur, and also reduce the ability of snowmelt water to infiltrate 
into the soil column (Ginting, Moncrief, & Gupta, 1998). These processes are important 
because they influence the type of P being transported during surface runoff events. With 
reduced soil erosion there is reduced movement of particulate P, but a potential increase in 
the movement of dissolved P, which is the more bioavailable form.  
Studies throughout varying northern climates have found that spring snowmelt-driven  
P loss is significant. For example, a study in the South Tobacco Creek watershed in southern 
Manitoba found that nearly 70% of annual runoff occurred during this period, and P was 
primarily exported in the dissolved form (Glozier et al., 2006). Similarly, Li et al. (2011) 
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found that total dissolved P exports were 4.7 to 5.0 times as high as particulate P in two sub 
watersheds in South Tobacco Creek.  
1.2.1.4 Legacy Phosphorus 
Best management practices (BMPs) and land conservation initiatives have been executed 
in a wide range of watersheds but research has found that the response in water quality has 
often not followed time and threshold predictions made during their implementation (Meals, 
Dressing, & Davenport, 2010; Mulla, Kitchen, & David, 2008). One explanation for this lack 
of improvement in water quality is the concept of ‘legacy phosphorus,’ where P from past 
land management strategies has accumulated in soils and water bodies and is being 
remobilized, even as current agricultural practices are reducing P use (Kleinman et al., 2011; 
McDowell, Sharpley, & Chalmers, 2002). Elser and Bennett (2011) argue that the low 
nutrient use efficiency of crops coupled with the heavy application of fertilizers have 
fundamentally disrupted the P (and nitrogen) cycles as the normal biological controls of the 
ecosystem are overwhelmed and fail to function.  
One understudied aspect of P movement to streams and rivers has been in shallow 
subsurface flow and in groundwater flow as many studies in the past considered their 
contribution of P to be negligible. Phosphorus is less likely to migrate all the way through the 
soil column into the groundwater because it quickly adsorbs to soils with high clay content 
and Al and Fe sesquioxides (Shand, Macklon, Edwards, & Smith, 1994). However, 
preferential flow through soil macropores and bedrock fractures allow for P to move within 
the landscape, and build up along preferential flow paths (Sharpley et al., 2013; Simard, 
Beauchemin, & Haygarth, 2000; Sims et al., 1998). 
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This problem is especially pertinent in heavily agriculturally developed landscapes 
because of the accumulation of P in soils from manure and other fertilizer applications. 
Accumulation rates may be much higher than the use rates of major crops, which 
subsequently allows for the migration of P into preferential flow paths. Recent studies have 
shown that shallow groundwater is contributing to P loss to a greater degree than was 
previously believed (Domagalski & Johnson, 2011; Holman et al., 2008), and that this can be 
especially problematic in landscapes with high background levels of soil P (Vadas, 
Srinivasan, Kleinman, Schmidt, & Allen, 2007). 
1.3 Flow Pathways 
Understanding flow pathways is an important aspect of understanding P delivery to 
surface water and is important when thinking about how to plan or implement BMPs such as 
buffers. Overland flow, subsurface flow and groundwater flow all contribute to surface water 
in watercourses, the former two being most important with regards to understanding the 
effectiveness of buffers.  
1.3.1 Overland Flow 
Buffers have been designed largely to act as traps of sediment and sediment-associated 
nutrients and contaminants that occur through overland runoff and for the prevention of 
channel erosion (Dorioz, Wang, Poulenard, & Trévisan, 2006; Haycock, Burt, Goulding, & 
Pinay, 1997; Kronvang et al., 2000, 2005; Lacas, Voltz, Gouy, Carluer, & Gril, 2005; Muenz, 
Golladay, Vellidis, & Smith, 2006; Muscutt, Harris, Bailey, & Davies, 1993; Norris, 1993). 
Overland flow usually occurs after major hydrologic events including precipitation events 
and the spring snow melt. During precipitation events this is primarily due to saturation of 
the soil, but occurs in the spring because of the inability of frozen soils to allow infiltration. 
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In addition to reduced infiltration due to frozen soils, buffer vegetation in the spring has been 
flattened over winter and is often still covered by snow and ice, greatly diminishing surface 
roughness that reduces the ability of vegetation to trap sediments (Lobb et al., 2012).  
1.3.2 Subsurface Flow 
Subsurface flow can be characterized as either vertical or lateral and is most heavily 
influenced by antecedent moisture conditions (AMCs). AMCs are difficult to quantify 
because there is no single parameter that can be measured. Combining site specific data from 
a number of surrogates including subsurface topography, precipitation, soil moisture, 
groundwater level and vegetative cover is the best way to describe AMCs for a specific 
watershed (Ali & Roy, 2010). In areas where subsurface pathways did not previously exist, 
they begin to emerge as the vadose zone becomes saturated. This is especially pertinent in 
coarse, sandy soils where vertical pathways become prominent (Ritsema & Dekker, 2000). 
While vertical infiltration is an important flow pathway, lateral flow has increasingly been 
acknowledged to impact surface water under both saturated and unsaturated soil conditions. 
Lateral subsurface flow occurs primarily through macropore flow but can also occur 
through matrix flow. Macropore flow is the result of physical factors such as cracks and 
fractures, or biological processes such as root and worm holes. Matrix flow is a much slower 
process because it is a result of water percolating through soil pores. During precipitation 
events, water that moves through the upper soil horizon will make its way to the subsurface 
and predominately move through lateral macropore flow (McDonnell, 1990). Newman et al. 
(1998) showed that lateral flow during unsaturated conditions typically occurs through 
macropore flow in the B horizon, after water has infiltrated through the A horizon. This is 
different from what typically occurs in saturated conditions, where macropore and matrix 
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flow are equally responsible for lateral flow. Saturated conditions allow water stored in both 
the soil macropores and matrix to be moved into the adjacent stream when there is an influx 
of new water, typically from a major precipitation event or after soils thaw in the spring 
(McDonnell, 1990). 
Research has shown that macropore flow, and subsequently lateral flow can occur under 
both saturated and unsaturated conditions (McDonnell 1990), though recent studies of soil 
moisture and subsurface flow showed that as saturation increases, particularly in regards to 
precipitation events, so too does subsurface lateral flow (Swarowsky, Dahlgren, & O’Geen, 
2012). Understanding the contribution of subsurface lateral flow to the surface water is 
important for understanding delivery of P to the surface water.  
While the research on P movement to and through the shallow groundwater is not as 
abundant as research focusing on surface water, there is evidence that it can be a significant 
contributor to the P within surface water, particularly in areas with high concentrations of 
soil P. Allen et al. (2012) investigated the movement of P in the subsurface and found that 
concentrations of soil P are an important determinant on how and if P will move through soil 
pathways. At their study site in central Iowa, USA, the soil was deficient in P so it was a 
filter for P, limiting its lateral movement. However, they note that in areas where the soil 
contains higher concentrations of P, this filtering effect may be greatly diminished. This was 
evident in a study by Vadas et al. (2007) at a poultry farm in Maryland, USA, where 
dissolved P concentrations sampled at numerous depths throughout the subsurface and 
shallow groundwater followed the same trends as soil P concentrations at these same depths.  
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1.4 Vegetated Buffer Strips  
Vegetated buffer strips (VBS), commonly referred to as buffers, are a BMP that can be 
designed and implemented in various ways, but they primarily fall within two categories: in-
field and edge-of-field. Figure 1.1 depicts the numerous types of both in-field and edge-of-
field buffers that can be implemented throughout a landscape. 
 
Figure 1.1 A photo of numerous in-field and edge-of-field buffers that can be implemented within an 
agricultural landscape (USDA-NRCS, 1999). In-field buffers include contour strips, grassed waterways, and 
vegetative barriers whereas edge-of-field buffers include riparian forest buffers, field borders and filter strips. 
In-field buffers vary in their design and management, but their primary utility is to reduce 
concentrated runoff that can create ephemeral gullies (Lowrance, Dabney, & Schultz, 2002). 
Additionally, they are designed to intercept contaminants at the source instead of as a final 
barrier before an adjacent waterway (Dabney, Moore, & Locke, 2006). In regions with steep 
hillslopes, multiple in-field buffers can be placed along the contours of the hillslope. 
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However, in flatter areas such as the Canadian Prairies and much of the LWB, the more 
common in-field buffer practices are vegetative barriers that are narrow but densely planted 
strips of vegetation that follow the edge of cultivated fields, and grassed waterways that run 
from upslope to downslope and are designed not to trap sediments, but to direct surface water 
to protect soils, and to prevent erosion (Dabney et al., 2006). 
Edge-of-field buffers include field borders, filter strips, and riparian buffers. Field 
borders are designed less for water quality improvements and more to improve wildlife 
habitat, and are narrow strips of vegetation that typically surround the entirety of a field. 
Filter strips and riparian buffers are both designed to trap sediment and sediment-associated 
nutrients and contaminants from overland runoff and to encourage uptake of soil P by 
vegetation. Riparian buffers can be differentiated from filter strips by their location, as they 
are always located adjacent to a waterbody whereas filter strips are located at the downslope 
part of a field. Additionally, because they are located adjacent to a waterbody, riparian 
buffers are designed to prevent bank erosion. 
Riparian buffer strips can be broadly described as areas of land directly adjacent to 
streams and can range from <5 m to >30 m in width. Larger, engineered forested buffer strips 
are usually composed of three distinct zones that include a 5 m wide forested strip directly 
adjacent to the waterbody, an additional forested but more managed strip beyond the 5 m, 
and in agricultural regions, an additional strip of vegetation that is designed to trap sediments 
at the field edge (USDA-NRCS, 1999). However, in many managed agricultural areas, 
buffers are characterized by various species of grasses and forbes and can thus be referred to 
as vegetated buffer strips. In cold climates, both cool and warm season grass species such as 
Green Needle Grass (Nassella viridula), Canada Wild Rye (Elymus canadensis), Big 
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Bluestem (Andropogon gerardi), and Switchgrass (Panicum virgatum) can be chosen in 
order to maximize the duration that the buffer is actively taking up nutrients (Natural 
Resources Conservation Service, 2010). Buffers are a popular BMP because they are 
inexpensive, relatively easy to implement because of the presumption they need little 
management after establishment, and have been proven to be effective at slowing the 
transport of nutrients into surface waters. When referencing the studied research sites 
throughout this thesis, the terms buffer and vegetated buffer strip (VBS) are used following 
the modified definition of Fischer & Fischenich, (2000); a linear band of permanent 
vegetation adjacent to a waterway intended to improve water quality by trapping 
contaminants from overland flow and shallow subsurface flow and by encouraging uptake of 
excess nutrients by vegetation.   
1.4.1 Purpose 
In a review of the conservation benefits of different types of buffers, Syversen (2005) and 
Dabney, Moore, & Locke (2006) outlined mechanisms by which buffers can improve water 
quality. These include P uptake by vegetation, entrapment of particulate P from overland 
runoff, slowing the rate of overland runoff, increased soil permeability through root channels, 
and retention of snow. The dense growth above the surface and extensive root systems of 
vegetation in buffers are important for trapping sediments, reducing erosion, and 
subsequently reducing particulate P movement into surface waters.  
With specific regard to P, studies from across the globe have shown that buffers can 
effectively filter dissolved and particulate P, in some studies reducing loads up to 90% 
(Barfield et al., 1998). Table 1.1 from Sheppard et al. (2006) details a number of papers 
where results found that buffers reduced TP loads, dissolved P loads, or both.  
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Table 1.1 Summary of research describing the effectiveness of buffers in reducing phosphorus (P) in runoff 
(Sheppard et al., 2006) 
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The primary sedimentation control that buffer strips – with the exception of grassed 
waterways – are intended for is the trapping of sediments in above-surface vegetation, a 
product of both surface roughness and surface slope (Lacas et al., 2005). These 
characteristics are also important for slowing the rate of overland flow, one of the primary 
means of sediment and P transport to surface waters. However, if left unmanaged, buffers 
can accumulate too much sediment, compromising their ability to function as an effective 
trap (Dillaha, Sherrard, Lee, Mostaghimi, & Shanholtz, 1988). This allows for the transport 
of particulate P through the buffer and into the surface water; which is important because it 
may implicate buffers as a source of particulate P rather than a sink (Sheppard et al., 2006). 
After moving into a stream or lake, there are various biological and geochemical processes 
that can convert particulate P into bioavailable dissolved P (Meyer & Likens, 1979).  
A secondary function of buffers is to reduce soil P through uptake by vegetation and to 
improve soil permeability and infiltration through root channels (Dabney et al., 2006; 
Syversen, 2005). To retain dissolved P, Barfield et al. (1998) and Lee et al. (2003) argue that 
infiltration is the most effective method, particularly when vegetation creates frequent 
vertical soil channels. While this is likely true in warmer climates where perennial vegetation 
commonly planted in buffers is particularly effective in creating better soil structure and 
vertical channels that encourage infiltration and uptake by vegetation throughout the year 
(Sheppard et al., 2006), it is not necessarily the case in northern cold climates. Infiltration 
and uptake by vegetation are functions that occur for parts of the year in the LWB, but 
because of the cold climate, soils are frozen for a significant portion of the year and thus, 
infiltration and uptake by vegetation varies seasonally.  
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1.4.2 Establishment and Management 
Buffers are a common BMP because of the ease by which they can be implemented. 
However, when planning a buffer it is important to take into consideration its width and 
placement, soil texture, species of vegetation to be planted, as well as the stem diameter and 
density of vegetation (Deeks, Duzant, Owens, & Wood, 2012). Research completed in 
Ontario, Canada, showed that an increase in the percent vegetation cover within a buffer will 
increase sediment trapping efficiency (Abu-Zreig, Rudra, Whiteley, Lalonde, & Kaushik, 
2003). These findings were supported by the output of a modified soil erosion model 
(Morgan-Morgan-Finney) that was completed by Deeks et al. (2012) in order to develop a 
framework for designing more effective buffers. They found that sediment trapping 
efficiency is most impacted by stem diameter and fraction of ground cover whereas soil 
texture was most important in determining the distance particles traveled within the buffer. 
Additionally, the distance sediment travels within the buffer – a product of flow velocity and 
topography – is important to understand because it will govern how wide the buffer needs to 
be to be an effective trap. Numerous studies have shown that as buffer width increases 
sediment trapping efficiencies also increase (Abu-Zreig et al., 2003; Coyne, Gilfillen, 
Rhodes, & Blevins, 1995; Dillaha et al., 1988), but there is also a substantial body of 
research that shows that width is not an indicator of efficiency because most trapping occurs 
within the most upslope section of the buffer (Hook, 2002; Syversen, Oygarden, & Salbu, 
2001; Uusi-Kämppä, Braskerud, & Jansson, 2000).  
Management of buffers after they are established is important, but frequently 
underemphasized during planning and implementation stages. It is not uncommon that once 
established, buffers are left unmanaged for years, which can render them ineffective as they 
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become saturated with P. One factor that can influence the effectiveness of buffers in 
reducing P concentrations is the age of the vegetation or how long it has been established. 
While the impact of individual species on P mobilization varies in relation to type, age, 
season and other factors, nutrient incorporation into the plant biomass increases rapidly when 
vegetation is young, but eventually plateaus and begins to decline (Broadmeadow & Nisbet, 
2004; Dosskey et al., 2010; Kelly, Kovar, Sokolowsky, & Moorman, 2007).  
Recent studies have shown that when a BMP includes establishing new vegetation, there 
can be a substantial lag time before water quality improvements are noticeable with regards 
to reduction in sediment and P loading (Meals et al., 2010; Newbold, Herbert, Sweeney, & 
Kiry, 2008). Newly established buffers may show small reductions in surface water P 
concentrations within a few years, but it can take up to 10 years or more for the full impact to 
be realized (Meals et al., 2010). This is especially true in landscapes with high soil P levels 
where dissolved P concentrations remain high in overland runoff through young buffers until 
vegetation becomes more established (McCollum, 1991).  
1.4.3 Buffers in Northern Climates 
Buffer strips in northern climates warrant special consideration because of the impact of 
frozen vegetation and soils on P runoff and availability, as described above (Section 1.2.1.3). 
Their effectiveness can be greatly diminished or eliminated altogether when soils and 
vegetation are frozen and covered in large amounts of snow and ice (Lobb et al., 2012; 
Sheppard et al., 2006). In northern climates the period of plant uptake of nutrients is shorter 
than in southern or temperate climates and thus, P uptake also occurs over a shorter period 
and does not include the peak runoff period, the spring snowmelt (Uusi-Kämppä, 2005).  
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The impact of plant senescence is an important mechanism to consider when planning 
and implementing buffers in northern climates. Senesced vegetation will release dissolved P 
at an increased rate when it has undergone numerous freeze-thaw cycles (FTCs), a common 
occurrence in northern climates (Bechmann, Kleinman, Sharpley, & Saporito, 2005; Øgaard, 
2015; Roberson, Bundy, & Andraski, 2007). As vegetation freezes the cells in the shoots can 
lyse due to ice crystal formation and, when this occurs, cells will pull water from adjacent 
cells (Levitt, 1980; Webb, Uemura, & Steponkus, 1994). This damage and subsequent 
movement of water between cells will lead to inter/intra-cellular P release from the biomass 
that can release P into runoff and carry it to nearby streams and rivers (Liu, Khalaf, Ulén, & 
Bergkvist, 2013). This is especially apparent during the spring snowmelt, when snow runoff 
carries with it dissolved P released by frozen and thawed vegetation, implicating the buffer as 
a potential source of P. In a study of agricultural land in Finland, a plot with an unmanaged 
buffer and a plot with no buffer were compared with regards to P concentrations in adjacent 
surface water, and the mean dissolved P in the unmanaged buffer plot was higher than the 
plot with no buffer (Uusi-Kämppä, 2005). 
An increasing amount of research has been undertaken to understand the potential for 
release of dissolved P from a variety of species of crops, native vegetation, and forage 
grasses after various freeze-thaw cycles and extraction methods (Appendix 1). Ron Vaz, 
Edwards, Shand, & Cresser (1994) found that soil water extractable P (WEP) is positively 
correlated to the number of FTCs and subsequent studies have found similar results. In an 
incubation experiment examining the importance of FTCs, WEP from biomass was measured 
after undergoing 0, 1, 2, 4, 6 or 8 FTCs and results showed that WEP significantly increased 
23 
 
with increasing FTCs. After eight FTCs TP was equivalent to WEP indicating that all P in 
the biomass had been released as WEP, its more bioavailable form (Bechmann et al., 2005).  
While it is not feasible to predict future climate scenarios at the scale of an individual 
field, Henry (2008) used historical data to model future changes in soil freezing dynamics 
and predict that Canadian landscapes will undergo increasing FTCs. Other research on a 
global scale has predicted that climates like those of the Canadian Prairies, which typically 
experience prolonged temperatures below 0°C, will experience more frequent temperature 
fluctuations around 0°C (Mellander, Löfvenius, & Laudon, 2007). 
1.5 Research Objectives 
Building on the large body of prior research of P transport and buffers and new research 
focusing on P leaching from vegetation and legacy P, the overarching objective of this 
research was to determine the relative importance of subsurface water pathways and 
vegetation on the effectiveness of well-established and newly planted buffer strips in a 
northern climate. Within this broad objective, two primary themes were identified to be the 
focus of research at the Agriculture and Agri-Food Canada (AAFC) Research and 
Development Centre in Morden, MB, and are described below.  
This thesis contains two stand-alone chapters (Chapters 2 and 3) which are structured as 
papers, each with a more specific literature review, study area and relevant methods. Chapter 
1 is a general overview of the literature related to hydrologic flow pathways, soil P dynamics 
in an agricultural landscape, and prior research undertaken on vegetated buffer strips and 
their effectiveness in northern climates. Chapter 4 integrates the main findings of Chapters 2 
and 3 and includes management implications derived from those findings in a concluding 
chapter. 
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Theme 1 – Hydrology, Water Quality and Soils 
The focus of Chapter 2 is on the hydrology, water quality, and soils of sites within the 
Morden Research Centre, which have buffers of differing ages and characteristics. Within 
this theme, one objective was to understand the movement of subsurface water within each 
site to help understand the potential transport of P. Another objective was to determine if 
there were differences in P retained in the soil at each site and if there were differences or 
relationships between P in the soil water, shallow groundwater, and the soils.  
Theme 2 – Vegetation and Soils 
Chapter 3 focuses on the buffer vegetation and on its relationship with soil. The 
overarching research objective was to understand the potential impact of the environmental 
conditions common in northern climates, such as freezing and thawing, on buffer 
effectiveness. More specifically, one objective within this theme was to determine the role of 
vegetation to control P movement through buffers. In addition to an analysis of the 
vegetation, a second objective was to understand the relationship between soils and 
vegetation in order to better determine when buffers might act as a source of P rather than a 
sink. 
Figure 1.2 is a flow chart depicting the research questions, objectives and simplified 
methods associated with those research questions. It is divided by three central themes that 
guide the entirety of research: hydrology and flow pathways, water quality and soils, and 
vegetation and soils.  The first two themes form the basis for Chapter 2 while the final theme 
forms the basis for Chapter 3. 
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Figure 1.2 A conceptual flow-chart of research questions, objectives, and methods divided by chapter and theme. Orange boxes denote research questions, green 
boxes denote research objectives and blue boxes denote simplified methods.
Hydrology and Flow 
Pathways
(Chapter 2)
What are the preferential 
flowpaths of water through 
soil?
Identify hydrologic flow pathways 
in an established buffer and a 
cultivated field
Excavation of soils following dye 
staining rainfall simulations
What is the direction of shallow 
groundwater movement at the 
research sites?
Calculate hydraulic gradient to 
determine horizontal water
High frequency hydraulic head 
measurements from a transect of 
piezometers at three sites
Water Quality and Soils
(Chapter 2)
Is there a significant difference 
in P retained in the soil water 
and shallow subsurface water 
between established and new 
buffer sites?
Quantify concentrations of DRP 
and TP in groundwater and soil 
water
Water samples taken from 
piezometers and lysimeters during 
summer 2015 and spring 2016
Are there differences between 
soil P concentrations at 
established and new buffers?
Quantify concentrations of Olsen P 
and TP in soils and of TP in 
groundwater and soil water
Soil sampling in fall and spring 
2015 and 2016 at multiple depths
Is there a correlation between 
soil P and soil water and 
shallow groundwater P 
concentrations?
Vegetation and Soils
(Chapter 3)
How much P is leached from 
vegetation over winter and 
from vegetation undergoing 
varying numbers of FTCs? Quantify P concentrations 
contained in the roots and shoots 
of buffer vegetation in the fall 
and spring
Vegetation sampling in Sept. and 
Oct. 2015 and March 2016 
analyzed for TP
Quantify differences in P 
concentrations in vegetation 
undergoing various numbers of 
(FTCs)
Greenhouse grown grasses 
subjected to 0, 3, or 6 FTCs  and 
shaken with DI to quantify WEP 
and TP leached
Is there a significant difference 
between newly planted and 
established vegetation in P 
uptake? 
Quantify the total P contained 
within the biomass of established 
and new buffers
Vegetation sampling in Sept. and 
Oct. 2015 and March 2016 
analyzed for TP
Are soil P concentrations a 
determinant of biomass P 
concentrations? Quantify and compare soil P and 
biomass P concentrations 
between buffer sites and 
landscape positions
Soil sampling in fall and spring 
2015 and 2016 at multiple depths
Are there significant differences 
in soil P concentrations between 
sites or landscape positions?
26 
 
Chapter 2 Investigation of hydrologic flow pathways and the retention of phosphorus in 
vegetated buffers  
2.1 Introduction 
Understanding hydrologic flow pathways is an important part of determining potential P 
delivery to surface water and is also important when assessing how to implement and manage 
BMPs such as buffers. Shallow groundwater movement, lateral and vertical flow through the 
soil matrix, and overland runoff are processes that contribute to surface water in river 
channels and are important in understanding the effectiveness of vegetated buffers after their 
implementation. Shallow groundwater and soil water are the two main emphases of this 
investigation because at the outset of the project there was little understanding of the sources 
of water and P to the surface water features (i.e. creek and swale) at the Morden Research 
Centre.  
Subsurface flow through soils can be both lateral and vertical, and, depending on soil 
texture and antecedent soil moisture conditions, can cause significant leaching of soil P. 
While lateral flow is often considered to be negligible, Mulholland, Wilson, & Jardine (1990) 
found at their field site in eastern Tennessee, USA, with soils characterized as Utisols and 
Inceptisols, that when antecedent soil moisture was high and there was significant rainfall, 
lateral flow was occurring. In the same study, when antecedent conditions were low or the 
rainfall event was smaller, preferential flow was primarily vertical. At the Morden Research 
Centre both conditions are likely to be met, and the sandy soils are likely to increase vertical 
infiltration.  
While the Mulholland et al. (1990) study in Tennessee, USA, focused only on the 
movement of water, Allen et al. (2012) investigated the movement of P in the subsurface and 
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found that concentrations of soil P are an important determinant on how and if P will move 
through soil pathways. At their study site in Iowa, USA, the soil was deficient in P and thus 
acted as a filter for P, primarily through adsorption, limiting its lateral movement. However, 
the authors note that in areas where the soil contains higher concentrations of P, this filtering 
effect may be greatly diminished because less adsorption is likely to occur. This was evident 
in a study by Vadas et al. (2007) at a poultry farm in Maryland, USA, where dissolved P 
concentrations at numerous depths throughout the subsurface and shallow groundwater 
followed the same trends as P concentrations throughout the soil profile.  
The focus of the following chapter is on two major themes: (i) understanding the 
movement of water and P within buffers and adjacent fields to determine potential 
contributions of P to streams; and (ii) determining potential correlations and differences in P 
concentrations at old and new buffers at the Morden Research Centre.  
2.1.1 Theme 1 
The first objective of this portion of the study was to understand the movement of subsurface 
water within each site as a potential pathway for the transport of P. To do so, the following 
research questions and objectives are posed: 
What are the preferential flowpaths of water through the soil in an established grass 
buffer and a cultivated field during rainfall?  
Objective: Identify preferential hydrologic flow pathways through dye staining 
rainfall simulations in an established buffer and cultivated field 
What is the direction of shallow groundwater movement at the research sites? 
Objective: Calculate hydraulic gradient to determine the potential for horizontal 
water movement using high frequency measurements of hydraulic head from a 
transect of piezometers  
28 
 
2.1.2 Theme 2 
Land use type (field, buffer, or stream) and associated soil P levels can be indicators for the 
potential of P movement to the groundwater, particularly at some sites at the Morden 
Research Centre where soils are sandy. With this understanding, the following research 
questions were addressed: 
Is there a significant difference in P retained in the soil water and shallow subsurface 
water between established and new buffer sites? 
Objective: Quantify concentrations of P in groundwater and soil water through 
nutrient sampling 
Objective: Determine if significant differences in P concentrations in the soil water 
and shallow groundwater exist between field sites or between landscape positions  
 
Are there differences between soil P concentrations at established and new buffers and is 
there a correlation between soil P, soil water P, and shallow groundwater P 
concentrations? 
Objective: Determine if there are significant differences between sites and landscape 
positions in Olsen P and TP concentrations using statistical analysis 
Objective: Determine if there are statistically significant correlations between soil P, 
soil water P, and shallow groundwater P  
 
2.2 Methods 
2.2.1 Study Site 
The study site is located within the 260-hectare Agriculture and Agri-Food Canada 
(AAFC) Cereal Research Centre in Morden, Manitoba, approximately 95 km southwest of 
Winnipeg, Manitoba. The waterways at the research site are part of the Pembina River 
watershed, which forms part of the Red River Basin (RRB) (Figure 2.1). The RRB is the 
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largest contributor of P to Lake Winnipeg (68%), but contributes only 16% of discharge 
(LWSB, 2006).  
 
Figure 2.1 The Lake Winnipeg Basin is composed of five main watersheds, including the Red River Basin that 
includes the AAFC Research Centre. The Red River Basin contributes just 16% of the discharge to the lake, but 
68% of the annual P load (Levesque & Page, 2011). 
Average annual precipitation at the Morden Research Centre is 540.8 mm, which is 
composed of 426.5 mm of rain and 115.6 cm of snow. The average annual temperature is 
4°C, reaching an average high of 20.0°C in July and average low of -14.6°C in January. 
Snowfall begins to accumulate in November and ends in April (Environment Canada, 2010).  
The waterways located within the study plot consist of a natural stream, shallow swale, 
and an artificially constructed drainage ditch. This drainage ditch is fed by a newly 
constructed enhanced ditch (retention pond) that receives water from fields to the west and 
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can also receive water released from fields to the north. Water moves from the enhanced 
ditch through a small berm with an Agri Drain control structure (Agri Drain Corporation, 
Adair, IA, USA) into the constructed drainage ditch. Downstream of the confluence of the 
swale and the ditch is the outlet to an unnamed stream. Directly upstream from this 
confluence, the unnamed stream runs adjacent to one of the studied buffers (Figure 2.2). 
 
Figure 2.2 Map of the AAFC Research Centre in Morden, MB research sites: Established Buffer (EB), 
Vegetated Buffer Strip 1 (VBS1) and Vegetative Buffer Strip 2 (VBS2). The unnamed stream (blue line) is 
visible on the far left of the map and runs the entire length of EB, eventually joining the swale at the 
southernmost section of the map. 
Field sampling being undertaken at the Morden Research Centre is investigating the role 
of riparian and near-riparian (i.e., along hydrological flow pathways) buffers in reducing 
sediment and P delivery to surface waters in the LWB, and thus this research forms part of a 
larger project funded by the Lake Winnipeg Basin Stewardship Fund (LWBSF) of 
Environment and Climate Change Canada. For this part of the project, sampling was 
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undertaken in three buffers, two that were newly established and one that had been 
established for 20 years. At the Established Buffer (EB) site, a 1.5 ha stand of meadow 
foxtail (Alopecurus pratensis) that had existed for 20 years was mowed and tilled for crop 
cultivation in 2015, except for a 5320 m2 buffer strip (i.e. EB). Vegetation in this buffer was 
dense and had been managed through mowing and periodic haying over its 20-year life. It is 
adjacent to the unnamed stream that runs from the town of Morden to the research centre 
(Figure 2.2).  
The newly established vegetated buffer strips (VBS1 and VBS2) were planted in spring 
2015, as part of the larger LWBSF project, with a mix of species (described later). Directly 
downstream from VBS1 and VBS2 were control strips (C1 and C2), which were cultivated 
with the same crops as the adjacent fields. The buffer at VBS1 was 229 m2 in area and was 
located on the natural swale (Figure 2.2). Vegetation showed substantial growth on the south 
slope/bank, but had some bare spots on the north slope/bank, where the piezometers and 
lysimeters were installed (described later). Eventually, VBS1 was inhabited primarily by 
weeds (Figure 2.3). This buffer was planted across a naturally occurring swale that holds 
water only during the spring snowmelt period and large precipitation events. The smallest 
buffer, VBS2 (146 m2), was planted across an artificial shallow ditch that had been dug from 
the outlet of the enhanced ditch to connect to the natural swale (Figure 2.2). Like VBS1, this 
buffer showed slow grass growth early in the season but by mid-summer had grown dense 
vegetation (Figure 2.3).  
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Figure 2.3  
Left: VBS1, July 2015 – Vegetation was primarily weeds with some planted grasses. Bare patches are visible 
on the north facing slope near the piezometer. 
Right: VBS2, July 2015 – Vegetation was primarily timothy grass with very few bare patches. 
 
The location of VBS2 was much sandier than EB and VBS1 and allowed water to 
infiltrate more rapidly than the other two buffers. VBS1 and VBS2 were initially planted 
with native grass seed that did not establish well due to seeding and environmental 
conditions, and thus, were interseeded with brome and timothy that were easier to establish. 
By the spring of 2016, there were still a few bare spots in VBS1, but growth in both buffers 
was considerable. The two control sites (C1 and C2) that were located directly adjacent and 
downstream from the new buffers (VBS1 and VBS2) were tilled, fertilized and planted to 
flax in the same way as the cultivated fields throughout the research site.   
2.2.2 Soil Sampling and Analysis 
Soil samples were taken four times throughout the duration of the study: in December 
2014, May and October 2015, and May 2016. Sampling sites were the same for December 
2014 and May 2015, but were changed for October 2015 and May 2016 to sample more 
strategically within the newly created buffers and water retention structures (Figure 2.4). 
Samples in May 2015 were collected at three depths 0-15 cm, 15-30 cm, and 30-60 cm in a 
randomized grid, whereas the October 2015 samples were collected only within buffers and 
their corresponding control sites and were only taken from 0-15 cm. Samples in December 
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2014 and May 2016 were collected only from 0-15 cm with the exception of sites located in 
EB that were sampled at depths 0-15 cm, 15-30 cm, and 30-60 cm.  
 
Figure 2.4 Map of soil sampling sites within the Morden Research Centre. Samples were taken each spring and 
fall from December 2014 – May 2016. 
Samples were delivered to Farmer’s Edge Laboratory (Winnipeg, MB) and analysed for 
Nitrate-N, Olsen P, CaCl2 extractable-P, Total P, %OM, pH, and electrical conductivity 
(EC). Prior to analysis, samples were dried at 40°C and ground. The following procedures for 
analysis were provided by Farmer’s Edge Laboratories (31 March 2015). 
2.2.2.1 Nitrate-Nitrogen 
Nitrogen reported as nitrate (mg/kg) was analyzed by adding 30 mL of 0.01M CaCl2 to 15 g 
of soil. This mixture was shaken on a reciprocating shaker for 30 minutes and then filtered. 
After a hydrazine reduction and complexation with n-(1naphthyl) ethylenediamine 
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dihydrochloride, NO3-N was measured by automated segmented flow colorimetry using a 
SAN ++ system (Skalar, Breda, The Netherlands) and reported as mg/kg. 
2.2.2.2 CaCl2 Extractable Phosphorus 
15 g of soil were mixed with 30 mL of 0.01CaCl2 and shaken for 30 minutes and then 
filtered. Phosphate-P was measured by automated colorimetry after a reduction of filtered 
extract by ascorbic acid and complexation with ammonium molybdate. Soluble phosphate-P 
was measured using a SAN ++ system (Skalar, Breda, The Netherlands) by automated 
segmented flow colorimetry and reported as mg/kg. 
2.2.2.3 Bicarbonate Extractable Phosphorus (Olsen P) 
Bicarbonate extractable P was determined by adding 50 mL of 0.5M NaHCO3 to 2.5 g of 
soil. This solution was shaken for 30 minutes, filtered, and after a reduction by ascorbic acid 
and complexation with ammonium molybdate, measured by automated colorimetry. 
Bicarbonate extractable phosphate-P is reported as mg/kg after being measured by automated 
segmented flow colorimetry using a SAN ++ system (Skalar, Breda, The Netherlands). 
2.2.2.4 Total Phosphorus 
Total P, reported in mg/kg, was analysed by digesting 1 g of dried, ground soil with 
microwave assistance in 10 mL of concentrated nitric acid, to solubilize all elements. The 
digested material was diluted with ultrapure water and was analyzed using an inductively-
coupled plasma optical spectrometer (ICP-OES) (Thermo Electron ICAP 6300, Cambridge, 
UK).  
2.2.2.5 Percent Organic Matter 
Loss on ignition, a dry combustion method, was used to determine percent organic matter 
(%OM). 2.5 g of sample were dried at 104°C for two hours to remove all atmospheric 
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moisture. The sample was then ashed at 375°C for two hours to oxidize the organic carbon 
and remove it in the form of CO2. The sample was again weighed and the results are reported 
as %OM.  
2.2.2.6 Electrical Conductivity and pH 
Electrical conductivity and pH were determined by weighing and adding 25 g of soil sample 
to 50 mL of deionized water. After shaking for 30 minutes, the solution was measured by 
electrochemistry methods. pH is reported in pH units (1-14) and electrical conductivity is 
reported as deciSiemens per meter (dS/m). 
2.2.2.7 Particle Size Analysis 
Absolute particle size analysis was performed on dried and ground samples that were re-
wetted with 3 mL of deionized water and 3 mL of hydrogen peroxide to remove the organic 
matter. When the hydrogen peroxide finished reacting with the organic material in samples at 
room temperature (approximately 3-4 hours), additional hydrogen peroxide was added to the 
samples and they were placed in a water bath at 70°C. After all the hydrogen peroxide had 
reacted, samples were cooled to room temperature and 3 mL of dispersant (sodium 
hexametaphosphate) was added to discourage the creation of aggregates. Samples were 
analysed for absolute particle size at UNBC using a Mastersizer 3000 laser diffractometry 
analyzer (Malvern Instruments, Malvern, UK). Each sample was introduced directly into the 
dispersion unit and five independent measurements were taken with a stirring speed of 2500 
rpm and ultrasonication of 40%. Ultrasonication was used to ensure that particles did not 
flocculate while in the dispersion unit. After each sample was run, the dispersion unit was 
cleaned three times using water treated through reverse osmosis.  
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2.2.3 Water Sampling and Analysis 
2.2.3.1 Lysimeter Installation and Sample Collection 
In order to characterize water being held in the soil matrix, suction lysimeters were 
installed directly adjacent to the piezometers (described below) in the cultivated field and the 
buffer treatment. Suction lysimeters were chosen because they are less obtrusive and 
disturbing of soil structure than pan lysimeters and can still function in unsaturated 
conditions (Grossman & Udluft, 1991; Wagner, 1962). For this study, suction cup lysimeters 
(Prenart Equipment ApS, Denmark) constructed of porous PTFE (Teflon) were chosen 
because, unlike commonly used ceramic cups, they do not absorb P (Andersen, 1994). They 
were installed to a depth of approximately 35-40 cm and were connected to a sampling tube 
that reached above the soil surface. To obtain lysimeter samples, a negative pressure from the 
sampler to a collection bottle was created using a vacuum pump, which brought soil water 
into the lysimeter and towards the soil surface to be collected.  
During unsaturated conditions, obtaining the minimum volume of sample required for 
analysis was not always completed in one day. Thus, during late spring and summer 2015, a 
vacuum was created on the Monday of a sampling week and was maintained until Friday or 
until enough sample had been collected for analysis. During the 2016 spring snowmelt, 
samples were collected daily until the temperature dropped substantially below freezing and 
sample lines froze.  
2.2.3.2 Piezometer Installation and Sample Collection 
To characterise the shallow groundwater, piezometers were installed at three locations: 
50 m downstream from the outlet of the enhanced ditch in VBS2, 50 m downstream from the 
outlet of the small berm in VBS1, and at approximately the mid-point of the established 
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buffer (EB). Each location consisted of a horizontal transect of three piezometers: one within 
the buffer, one in the adjacent cultivated field, and one in the channelized flow path. 
Piezometers were constructed of 3.8 cm wide PVC pipes that had holes drilled over the 
bottom 20 cm and were capped at the bottom, so as to only intercept water at that specific 
depth. The PVC holes were screened using geotextile to avoid clogging by sediments. 
Piezometer installation occurred in May 2015 by augering a 3.8 cm wide hole until the water 
table was reached. The PVC was then pushed to the depth of the hole and a measurement of 
the depth of the hole was taken. The depth of installation was approximately 1.5 m.  
Each piezometer was equipped with an Odyssey Capacitance Data Logger (Data Systems 
Ltd., New Zealand) that recorded the water level every 15 minutes. All the loggers were 
calibrated at the beginning of the sampling season by placing 200 cm followed by 3000 cm 
of logging cable in a bucket of water and taking continuous measurements once the logger 
was stable. These measurements were entered into the Odyssey software to calculate a slope 
and offset for each logger. 
Piezometers were also used to take samples of the shallow groundwater. Sampling 
occurred on an event driven basis throughout summer 2015 with increased sample frequency 
during the spring snowmelt period in 2016. Using a peristaltic pump, the piezometer was 
purged before samples were taken, and depending on season and site, recharge took between 
2-24 hours.  
2.2.3.3 Water Sample Analysis 
Water samples from 2015 were analysed for total P (TP), total dissolved P (TDP), 
dissolved reactive P (DRP), total nitrogen (TN), and total dissolved nitrogen (TDN). Samples 
were analysed by the AAFC laboratory in Brandon, MB, using standard analytical techniques 
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(Rice, Baird, Eaton, & Clesceri, 2012). Samples analysed for dissolved nutrients were 
immediately filtered by a 0.7 µm pre-ashed GFF filter and frozen. Samples analysed for TN 
and TP were frozen unfiltered. TN and TDN were analyzed by digesting 10 mL of sample 
with 4.75 mL of alkaline potassium persulfate and autoclaving the digests for 30 minutes at 
103 kPa to oxidize organic N to nitrate. After digestion, samples were analysed by automated 
colorimetry (Patton & Kryskalla, 2003). 
Samples from the summer 2015 sampling season analysed for TP and TDP were digested 
by mixing 10 mL of sample with 3.2 mL of potassium persulfate and autoclaved for 30 
minutes at 103 kPa. After digestion, samples were determined using a spectrophotometer 
(SMARTCHEM® 170 Discrete Wet Chemistry Analyzer, Westco Scientific, Brookfield, CT, 
USA) as orthophosphate by reduction using EPA method 365.1 (O’Dell, 1993). Using the 
same instrumentation, samples analysed for DRP were also determined as orthophosphate 
using the molybdate blue method, but were not digested prior to analysis. Water samples 
from 2016 to be analysed for DRP and TDP were filtered by a 0.7 µm pre-ashed GFF filter 
immediately and frozen, and samples to be analysed for TP were immediately frozen. TDP 
and TP samples were digested by adding 1.25 mL of an alkaline persulfate oxidizing reagent 
to 6 mL of sample and were then autoclaved at 121 psi for 45 minutes. Concentrations of 
DRP, TDP, and TP were determined colorimetrically as orthophosphate by reduction using 
the molybdate blue method (Murphy & Riley, 1962), on an AA3 AutoAnalyzer at UNBC 
(Bran + Luebbe, Germany). Terminology for P fractions varies throughout the literature 
based on filter size and color reagents, thus, the terminology used throughout the thesis for P 
fractions will be DRP, TDP and TP, all of which were determined using the molybdate blue 
method.  
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2.2.3 Rainfall Simulation 
Two rainfall simulations were completed in July 2015 within the established buffer (EB) 
to understand and determine the type of hydrologic flow pathways present in the soil. This 
information is important because it also helps with the interpretation of the data from the 
lysimeters and piezometers (described above). The rainfall simulations were undertaken 
using a drip-type simulator based on the design of Clarke & Walsh (2007). The simulator is 
portable and does not require electricity because it is gravity fed, making it well suited for 
field use. It can produce rainfall intensities from 50-200 mm/hr and with the addition of a 
mesh droplet randomizer, produces drops that are scattered and different sizes that ensures a 
drop-size distribution similar to a natural rainfall event. In a comparison between the 
simulator and a natural storm, the drop-size distribution and kinetic energy rates were of the 
same order of magnitude (Clarke & Walsh, 2007).  
The two simulations were completed to mimic wet and dry antecedent conditions. For the 
wet simulation, undyed water was applied to a 0.45 m by 0.45 m experimental area at a rate 
of 60 mm/hr for 1 hr, followed by application of water dyed with blue pond dye (Airmax Inc, 
Romeo, MI, USA) at 75 mm/hr for 1 hr. For the dry simulation, the experimental area was 
covered with a plywood shelter for 10 days prior to simulation. According to precipitation 
data at the meteorological station at the Morden Research Centre, approximately 9.7 mm of 
rain fell during the period over which the experimental plot was covered for the July 2015 
dry simulation. During the dry simulation, dye was applied at a rate of 75 mm/hr for 1 hr. In 
both simulations, 48 hours after staining, eight transects spaced 10-12 cm apart within the 
experimental area were excavated. A flat shovel was used to create the vertical transects and 
was cleaned after each cut to minimize smearing of the dye that would create false pathways.  
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In May 2016, another simulation was completed within a cultivated field to determine 
what differences may be visible between a buffer that maintains some vegetation throughout 
the entire year and a cropped field that is harvested in the fall and lies bare throughout winter. 
The simulation was completed under the wet conditions described above and excavation and 
image analysis (described below) were completed following the same protocol as the 
simulations undertaken in EB in 2015. 
Due to the dark color of the soils, extensive digital image processing was necessary to 
enhance the contrast of the soils to the blue dye and create a clearer image of the presence or 
absence of dye. First, images were transferred to the GNU Image Manipulation Program 
GIMP (GIMP Development Team, 2014) where they were decomposed into the L*a*b* 
color space and their color curves were manipulated to enhance the contrast of dyed areas. 
After recomposing the images, they were moved into R v. 3.2.1 (R Core Team, 2015) and a 
k-means based color clustering code was used to differentiate the dyed and undyed areas. 
Finally, images were transferred back into GIMP where the color was desaturated to create 
black and white binary images.  
2.2.4 Statistical Analysis 
All statistical analysis was undertaken using the statistical program R v. 3.2.1 (R Core 
Team, 2015). Initial data exploration consisted of the Shapiro-Wilk test for normality and 
either the Bartlett Test of Homogeneity of Variances or the Fligner-Killeen Test of 
Homogeneity of Variances. The Bartlett test is suitable only for normally distributed data 
whereas the Fligner-Killeen test is a non-parametric test that is suitable for non-normally 
distributed data. Samples taken from the same location over time warrant special 
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consideration because they could be prone to temporal autocorrelation. Thus, piezometer and 
lysimeter samples were first analysed using the autocorrelation function in R. 
If samples were determined to be normally distributed, homoscedastic and independent, 
an analysis of variance (ANOVA) framework was used. When multiple explanatory variables 
could be included in models, further data exploration was undertaken to determine what 
variables were significant and what interaction terms were significant. When a model had 
only one significant explanatory variable and no significant interaction term, a one-way 
ANOVA and post-hoc Tukey Honest Significant Differences (Tukey HSD) test was used at a 
95% confidence interval. The Tukey HSD test is more robust than individual t-tests because 
it creates intervals that are based on the range of sample means (Crawley, 2013). When data 
had multiple significant explanatory variables, a two-way ANOVA was used. If the ANOVA 
assumption of normality was violated, the non-parametric Kruskal-Wallis test was used with 
Dunn’s post-hoc test. To determine potential correlations among data sets, Pearson’s 
product-moment correlation was used for normally distributed data. When the data were not 
normal, Spearman’s rho statistic, a non-parametric test that uses a rank based measure to 
determine correlations, was used.  
2.3 Results 
2.3.1 Hydrologic Flowpaths 
2.3.1.1 Dye Staining Simulations 
Soil samples taken from within the buffer at EB where the simulation took place are 
characterized as sandy loam at a depth of 0-15 cm, loam from 15-30 cm, and silty loam from 
30-60 cm. Dye was only concentrated to depths of 24 cm, at which point no further staining 
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was visible. A layering pattern was evident with the more impermeable layer beginning 
around 24 cm where roots were less abundant, as is highlighted in Figure 2.5.  
 
Figure 2.5 Image from the original (furthest upland) face of the dye stain in the established buffer. The red line 
indicates the more impermeable soil layer, above which most of the dye was concentrated. 
There were no substantial differences in flowpaths between the wet and dry simulations 
so the following qualitative description is derived from the dry simulation and broadly 
characterizes flow within the EB. Dye traveled primarily along root pathways and natural 
cracks in the soil, but was further classified following the methods of Weiler & Flühler 
(2004). The two primary patterns of flow that were most evident throughout the excavation 
and image analysis were heterogenous matrix flow and macropore flow. Dye was 
concentrated in the top 8-10 cm, the top 2 cm of that is the organic layer, a dense mat of dead 
vegetation that was not completely removed prior to dying. Below this mat of vegetation, but 
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within the top 10 cm, flow was primarily heterogeneous matrix flow with fingering. This is 
indicative of spatially heterogeneous soils and, in this case, soils that were not permeable 
(Figure 2.6), as more permeable soils would have resulted in more homogenous matrix flow 
(Weiler & Flühler, 2004).  
 
Figure 2.6 
Top: Original soil face from dry antecedent conditions experiment. 
Middle: Identical image after being transformed in GIMP software and applying a k-means clustering code. 
Bottom: Final processing of image in GIMP to black and white binary coloring. The red circle indicates an area 
where macropore flow was evident. 
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At depths below the concentrated top 10 cm of the profile, staining patterns are indicative 
of macropore flow with mixed interaction with the soil matrix. Macropore flow with high 
interaction with the soil matrix is evident near the bottom left of the original face (circled in 
Figure 2.6-bottom) as thin stains develop into a wide, circular concentration of dye. This is 
characteristic of areas of soil with a more permeable matrix, but that still maintain 
macropores (Weiler & Flühler, 2004). 
During excavation, it was evident that dye traveled primarily along natural cracks in the 
soils. When dye entered the cracks, it stained in a pattern characteristic of homogeneous 
matrix flow, which is particularly visible in Figure 2.7, a small sample section taken from the 
third transect excavated in the wet simulation.  
 
Figure 2.7 
Left: Image of a natural crack in the soil where dye entered and concentrated. 
Right: Breaking the soil at natural cracks revealed concentrated dye characterized as homogenous matrix flow. 
There were some sections in the excavation that exhibited lateral flow, which is important 
for understanding potential P contributions from the soil during precipitation events when the 
soil is already saturated. The large horizontal line of dye in Figure 2.8 is evidence of lateral 
flow along a natural crack in the soil. Flow along this crack began from the infiltration of dye 
through macropore flow, connecting the surface to the horizontal crack.   
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Figure 2.8 
Left: Original image of dye flowing vertically through macropore flow to a horizontal crack in the soil. 
Right: Image after digital manipulation and classification of flowpaths through a k-means clustering code. 
Additional excavation along the left edge of the stained area revealed dye that had moved 
laterally outside of the stained vegetative area. The lack of dye in any section downslope of 
the stained area and the dominant patterns of transects within the staining area indicate that 
there was only minimal lateral flow occurring within this buffer. 
The dye staining in the cultivated field undertaken in spring 2016 yielded results similar 
to that of the summer 2015 experiments in the EB, with less macropore flow due to the tilling 
that had occurred in fall 2015. Tilling destroyed soil macropores, which resulted in flow that 
tended to be more homogenous through the soil matrix (Figure 2.9).  
 
Figure 2.9 Enhanced image of dye staining after the simulation in the cultivated field in May 2016. Dye tended 
to infiltrate more homogenously through the soil matrix due to the destruction of macropores through tillage in 
fall 2015. 
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Additionally, one difference that was noticeable was the dense, nearly impermeable soil 
layer at ~15 cm in the cultivated field that coincides with the depth of tillage and seemed to 
almost completely stop further infiltration. As dye met this more impermeable layer, it 
dispersed laterally across the soil, much like what occurred vertically in the buffer dye stain.   
2.3.1.2 Water Level in Piezometers 
Calibrated data from the Odyssey water level loggers were converted to a measurement 
of hydraulic head; a measurement of water level above a known datum. The shallow 
groundwater where the piezometers were located was not in a confined aquifer so the datum 
used for this analysis was sea level. Hydraulic gradients (Equation 2.1) from field to buffer, 
buffer to stream, and field to stream were also calculated to determine horizontal water 
movement within each site. For all calculations, point 1 was the most upland site so a 
negative gradient means water is flowing downslope from the upland site. 
 Equation 2.1  𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =
ℎ2−ℎ1 
𝑑 
 𝑤ℎ𝑒𝑟𝑒;  
   h2 = hydraulic head at point 2 (m) 
  h1 = hydraulic head at point 1 (m) 
  d = horizontal distance between point 2 and point 1 (m) 
 
2.3.1.2.1 Summer 2015 
The piezometers at VBS1 behaved similarly among the three landscape positions – field 
(VBS1F), buffer (VBS1B), stream (VBS1S) – though there were subtle differences, 
particularly when looking at the stream compared to the field and buffer sites. The stream site 
was unique in that it held water for the duration of the 2015 summer whereas the field site 
was dry by mid-August and the buffer site was dry in early September. All the landscape 
positions reacted to large precipitation events, particularly the combined 51.3 mm of rain that 
fell on May 16th and 17th. The field and buffer sites peaked on May 18th following this storm 
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whereas the response from the stream was delayed, not peaking until May 20/21st. The same 
trend held for the second large precipitation event of the year, as the field and buffer sites 
peaked prior to the stream site. Of note is the slow but variable nature of recharge among all 
the sites. The buffer piezometer was slowest, taking anywhere from 7-24 hours to fully 
recharge. The stream site was quicker, never taking longer than 2 hours to recharge while the 
field site recharged within 40 minutes even during the dry months of summer 2015.  
The overall hydraulic gradient from the upland field site to the stream was positive for 
most of summer 2015 at VBS1 (Figure 2.10). However, horizontal flow was occuring from 
the field to the buffer as was determined by the calculation of a negative hydraulic gradient. 
The strong positive gradient between buffer and stream implies that water was not flowing 
from the buffer to the stream, which was especially noticable after rain events. The noticable 
spikes from positive to negative gradient in mid and late July are the result of a sampling 
event where piezometers were purged and do not reflect any change in environmental 
conditions.  
 
Figure 2.10 Hydraulic gradient calculations between each of the landscape positions at VBS1 during summer 
2015. A negative hydraulic gradient indicates water moving from the upland position to the downslope position, 
as is evident in the field-buffer comparison. (B-S: buffer to stream, F-B: field to buffer, F-S: field to stream). 
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The piezometer transect at VBS2 behaved differently than VBS1 as all three piezometers 
acted in unison throughout the sampling year. Precipitation events seemed to have almost no 
effect on hydraulic head as each piezometer slowly rose through the spring melt and fell until 
mid-July, when all three piezometers had gone dry. Calculations of hydraulic gradient at 
VBS2 demonstrated that there was a positive gradient from field to buffer and a negative 
gradient from buffer to stream. The overall horizontal gradient of water from field to stream 
was negative, indicating that water was moving horizontally from the field site towards the 
stream (Figure 2.11). However, it is important to note the very small scale of hydraulic 
gradient values for VBS2, which indicates there was not substantial movement of subsurface 
water at this site.  
 
Figure 2.11 Hydraulic gradient calculations between each of the landscape positions at VBS2 during summer 
2015. A negative hydraulic gradient indicates water moving from the upland position to the downslope position 
as was the case for the overall upland to stream gradient and the buffer to stream gradient. (B-S: buffer to stream, 
F-B: field to buffer, F-S: field to stream). 
Hydraulic head at EB was not significantly impacted by precipitation events, and all of 
the piezometers generally acted in unison. Unlike VBS1 and VBS2, all of the piezometers at 
EB held water throughout the summer. The buffer and stream sites recharged quickly, 
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whereas the field site took over 24 hours to recharge unless there had been a large 
precipitation event preceding sampling. The hydraulic gradient was negative for all the 
calculated pairs at EB, which indicates that the shallow groundwater in EB is moving from 
the upland field area to the stream (Figure 2.12).  
 
Figure 2.12 Hydraulic gradient calculated between each of the landscape positions during summer 2015 at EB. 
All the calculations were negative, indicating horizontal movement from field to stream. (B-S: buffer to stream, F-
B: field to buffer, F-S: field to stream). 
2.3.1.2.2 Spring 2016 
Hydraulic head from the spring 2016 snowmelt was recorded, but due to high frequency 
sampling, the water levels in the piezometers were almost entirely recorded during recharge. 
Thus, calculations of hydraulic gradient and correlations between nutrients and hydraulic 
head are unreliable and not considered further.  
2.3.2 Phosphorus Concentrations in Piezometers 
The significance of main effects and interaction terms on P concentrations varied 
considerably between sites throughout the study, so the results here are first presented by 
individual site, followed by an analysis of data combined from all three sites. Seasonal 
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differences were also considerable and, thus, data were analysed both individually by season 
and combined as one dataset.  
2.3.2.1 Vegetated Buffer Strip 1 (VBS1) 
After determining there was no significant temporal autocorrelation between samples at 
VBS1, the data for DRP, TDP, and TP were analysed using one-way ANOVAs with 
landscape position as the explanatory variable. For summer 2015 samples, mean 
concentrations were significantly lower at the field landscape position for DRP (2.43 µg/L) 
and TDP (9.53 µg/L) than the buffer (95.39 µg/L and 90.66 µg/L, respectively) or stream 
(63.1 µg/L and 77.17 µg/L, respectively) positions, but there was no significant difference 
between the buffer and stream (Table 2.1). There was no significant difference between any 
of the landscape positions for TP. 
Table 2.1 Results of a one-way ANOVA and Tukey Post-Hoc test of landscape position effect on dissolved 
reactive phosphorus (DRP) and total dissolved phosphorus (TDP) concentrations. Values with * imply 
significance at p<0.05. 
 Dissolved Reactive P Total Dissolved P 
 df Sum of Sq. Pr(>F) df Sum of Sq. Pr(>F) 
Landscape Position 2 131.88 0.0005* 2 18901 0.009* 
Residuals 12 51.85  11 16050  
     Field-Buffer   0.0007*   0.011* 
     Buffer-Stream   0.703   0.831 
     Field-Stream   0.003*   0.031* 
Analysis of the samples from spring 2016 showed that the only statistically significant 
difference was between the field and buffer sites for TDP concentrations, as field sites were 
significantly lower. The mean concentration was highest at the buffer site for DRP (152.7 
µg/L), TDP (174.3 µg/L), and TP (277.2 µg/L), and lowest at the field site (9.8 µg/L, 11.4 
µg/L and 113.8 µg/L, respectively). The stream site fell in between the buffer and field (in 
terms of mean concentrations), but had the three individual samples with the highest P 
concentrations, with TP reaching 967 µg/L, 941 µg/L, and 587 µg/L during the earliest 
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spring samples. When data from 2015 and 2016 were combined, the field sites had 
significantly lower concentrations than the buffer and stream sites for all three P constituents 
(Table 2.2).  
Table 2.2 Results of a one-way ANOVA and Tukey Post-Hoc test of landscape position effect on dissolved 
reactive phosphorus (DRP), total dissolved phosphorus (TDP) and total phosphorus (TP) concentrations. Values 
with * imply significance at p<0.05. 
 Dissolved Reactive P Total Dissolved P Total P 
 df 
Sum of 
Sq. 
Pr(>F) df 
Sum of 
Sq. 
Pr(>F) df 
Sum of 
Sq. 
Pr(>F) 
Landscape 
Position 
2 83236 0.0005* 2 90931 0.0001* 2 9.47 0.0096
* 
Residuals 33 141229  31 118185  32 28.11  
     Field-Buffer   0.0004*   0.0001*   0.011* 
     Buffer-Stream   0.335   0.1992   0.779 
     Field-Stream   0.013*   0.0096*   0.041* 
Correlations between P concentrations and hydraulic head were also undertaken with 
data divided into the two sampling seasons. None of the correlations were strong nor were 
they significant for DRP, TDP and TP at the field or buffer position during 2015. At the 
stream position, DRP (R=0.83, p<0.0001) had the strongest correlation to hydraulic head, but 
TDP (R=0.71, p=0.01) and TP (rho=0.81, p=0.001) were also significantly correlated. Data 
from spring 2016 did not follow the 2015 trend as there was a strong negative correlation 
between hydraulic head and DRP (rho=-0.60, p=0.024) and TDP (R=-0.52, p=0.052), only at 
the buffer position. 
2.3.2.2 Vegetated Buffer Strip 2 (VBS2) 
Similar to the results from VBS1, there was no temporal autocorrelation between samples 
at this site and thus, two-way ANOVAs were used including landscape position, date, and 
their interaction. For DRP, both landscape position and date were significant, as was their 
interaction. For TDP, landscape position was only significant when date and the interaction 
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term were included in the model (Table 2.3). A comparison of the model that only included 
landscape position and one that included both variables determined the model including both 
variables to be a better fit based on their Akaike information criterion (AIC) values. Post-hoc 
testing concluded that concentrations at the field location in VBS2 were significantly higher 
for DRP (25.7 µg/L) and TDP (42.01 µg/L) than in the buffer (9.06 µg/L and 16.51 µg/L, 
respectively) and stream (3.4 µg/L and 10.96 µg/L, respectively) locations. 
Table 2.3 Results of a one-way ANOVA and Tukey Post-Hoc test of landscape position, date, and their 
interaction on dissolved reactive phosphorus (DRP) and total dissolved phosphorus (TDP) concentrations. 
Values with * imply significance at p<0.05. 
 Dissolved Reactive P Total Dissolved P 
 df Sum of Sq. Pr(>F) df Sum of Sq. Pr(>F) 
Landscape Position 2 19.19 0.049* 2 30.07 0.033* 
Date 1 14.70 0.030* 1 8.21 0.111 
Position | Date 2 19.15 0.048* 2 15.81 0.105 
Residuals 7 13.99  6 14.09  
     Field – Buffer   0.076   0.094 
     Buffer – Stream   0.547   0.672 
     Field – Stream   0.015*   0.032* 
These findings are the opposite of VBS1, where the field location had the lowest 
concentrations of DRP and TDP. There was no significant difference among sites or relative 
to water level for TP, but following the trend of DRP and TDP, mean TP concentrations in 
the field location were higher than in the buffer or stream locations. 
There were no significant correlations among any of the constituents during the summer 
2015 sampling period. All the correlations between DRP, TDP, TP and hydraulic head were 
slightly negative but none of the correlations were significant.  
2.3.2.3 Established Buffer (EB) 
A two-way ANOVA was carried out including landscape position and season and showed 
that there were no significant differences for DRP between landscape positions, but there was 
a significant difference in samples taken in the spring and summer of 2015. This trend was 
53 
 
not true for concentrations of TDP or TP as there were no significant differences between 
landscape positions nor between seasons.  
The field location within EB had a much higher maximum concentration and a wider 
range of DRP concentrations (3.40 µg/L – 1413.25 µg/L) than the buffer (0.01 µg/L to 
156.64 µg/L) or stream sites (4.04 µg/L to 179.31 µg/L). For both TDP and TP the field 
location had the highest mean concentrations (690.78 µg/L and 673.72 µg/L, respectively), 
followed by the buffer location (107.51 µg/L and 135.76 µg/L, respectively) and stream 
location (68.74 µg/L and 127.88 µg/L, respectively). 
In 2016, the only significant difference within the EB site were between the buffer and 
stream sites for TDP (p = 0.037), as concentrations at the buffer (18.38 µg/L) were 
significantly lower than the stream (50.69 µg/L). It is notable that the trends from the 2015 
sampling period were not the same for the 2016 sampling period for overall concentrations. 
Whereas in 2015 the field location had the highest mean concentration, in 2016 the stream 
location had the highest mean DRP (24.3 µg/L) and TDP (50.7 µg/L) concentrations. The 
buffer location had the highest mean concentrations for TP (147.1 µg/L), though the field site 
had two high values that were considered outliers (1416 µg/L and 1051 µg/L). When 
combining data from 2015 and 2016, there were no significant differences between the field, 
buffer, or stream locations for any of the P constituents nor was there any difference in 
concentrations between seasons. 
There were no significant correlations between landscape position and hydraulic head for 
the summer 2015 samples. During the 2016 sampling period, TDP was significantly 
correlated to hydraulic head (R=0.77) at the buffer position, though DRP and TP did not have 
strong correlations at any of the landscape positions.  
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2.3.2.4 Combined Sites and Seasons 
Data from summer 2015 were combined from all the sites to determine trends across 
locations and landscape positions. The results from the Kruskal-Wallis test showed that for 
DRP, when data were grouped by landscape position, there were no significant differences, 
but when grouped by location (VBS1, VBS2, EB), concentrations at EB (145.55 µg/L) were 
significantly higher than VBS2 (12.01 µg/L), and were higher than VBS1 (53.64 µg/L). 
Results of a two-way ANOVA for TDP showed that location was a significant main effect as 
was the interaction between location and date. Post-hoc testing showed that concentrations 
were significantly greater at EB (244.64 µg/L) than at VBS2 (23.16 µg/L) and VBS1 (59.12 
µg/L) (Table 2.4). Neither location nor landscape position were significant main effects for 
TP, though there was a significant difference between the field and stream landscape 
positions (p = 0.042).  
Table 2.4 Results of a Kruskal-Wallis test, one-way ANOVA, and Tukey Post-Hoc test of landscape position 
on dissolved reactive phosphorus (DRP) and total dissolved phosphorus (TDP) concentrations. Values with * 
imply significance at p<0.05. 
 Dissolved Reactive P Total Dissolved P 
 df K-W χ2 Pr(>F) df Sum of Sq. Pr(>F) 
Location  2 8.4666 0.0145* 2 20.77 0.0356* 
Residuals    39 111.37  
     VBS1-EB   0.4206   0.402 
     VBS2-EB   0.0119*   0.027* 
     VBS1-VBS2   0.0124*   0.317 
Samples from 2016 were significantly different when comparing locations for both DRP 
(p = 0.047) and TDP (p = 0.036), but there were no significant differences when data were 
grouped only by their landscape position. For TP there were no significant differences 
between landscape positions nor site locations. 
Data from the 2015 and 2016 sampling seasons were combined to identify significant 
trends or differences between sites over time. For both DRP and TDP, mean concentrations 
55 
 
at EB were highest (66.61 µg/L and 112.83 µg/L, respectively) followed by VBS1 (74.32 
µg/L and 79.26 µg/L, respectively) and VBS2 (12.01 µg/L and 23.16 µg/L, respectively). 
Additionally, when data were combined and analysed based on landscape position, there was 
no difference between field, buffer, or stream samples for DRP and TDP. Similar to DRP and 
TDP, there were no significant differences between landscape positions for TP, nor were 
there any significant differences between the locations.  
Correlations were undertaken categorizing the data based on landscape position and year. 
In 2015, correlations between DRP, TDP, TP and hydraulic head at the field and buffer sites 
were not significant. However, the stream site showed strong positive correlations between 
hydraulic head and DRP (R=0.83, p<0.001), TDP (R=0.72, p=0.004) and TP (R=0.81, 
p=0.0007). The only significant correlations from 2016 samples were at the buffers, as there 
was a strong negative correlation between hydraulic head and DRP (R=-0.75, p=0.001) and 
TDP (R=-0.58, p=0.038).  
2.3.3 Phosphorus Concentrations in Lysimeters 
While suction cup lysimeters can be used in unsaturated soil conditions, by the end of 
June 2015, barring a large precipitation event, the soils became too dry to collect enough 
sample for analysis. During the 2016 snowmelt period after soils had thawed, lysimeters 
were productive as water infiltrated through the dry soils. In total, 29 samples were collected 
and analysed for TDP and TP, with 10 samples in 2015 and 19 samples in 2016 from VBS1 
and EB.  
Site VBS2 never produced lysimeter samples likely due to the high sand content in soils 
at that location and the lack of snowmelt and rainfall throughout both sampling years. Soils at 
VBS2 were a sandy loam (57% sand, 37% silt) in the top 15 cm, but very sandy from 15-30 
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cm (98% sand, 1% silt) and 30-60 cm (98% sand, 1% silt). These high sand contents at the 
depth of the lysimeter installation likely allowed for rapid infiltration beyond the depth of the 
lysimeters before a sample could be captured. 
During summer 2015, the lysimeters located in the buffers at EB produced more samples 
than the lysimeters located in VBS1. Though EB only produced one more sample than VBS1 
throughout the summer, the lysimeters at EB produced a greater volume of soil water with 
each sample. Furthermore, the buffer lysimeters were more productive than the field 
lysimeters, producing seven samples compared to two samples. In 2016, VBS1 produced a 
greater number of samples than EB and the buffer landscape position was again more 
productive than the field. Soils at VBS1 were sandy, both in the top 15 cm of soil (76% sand, 
18% silt) and in the root zone where the lysimeter was installed (98% sand, 1% silt), but 
contained a higher percentage of organic matter than VBS2, which may have aided in 
retaining greater soil moisture and may explain why samples were obtained at VBS1 and not 
VBS2. According to Hudson (1994), there is a positive correlation between soils high in 
organic matter and their available water capacity. At the EB buffer, soil in the top 15 cm was 
a sandy loam (53% sand, 36% silt), whereas in the 15-30 cm zone soils were loamy (42% 
sand, 45% silt). Soils in the EB field were a silty loam at both 0-15 cm (37% sand, 54% silt) 
and 15-30 cm (24% sand, 63% silt). 
 Samples from 2015 were compared by location (EB, VBS1) because the field lysimeters 
at both sites did not produce enough samples to complete a rigorous statistical analysis. 
There was not a significant difference between EB and VBS1 for TDP (p=0.53), nor for TP 
(p=0.80). During the 2016 spring melt, lysimeters at both VBS1 sites and from the buffer 
location at EB were very productive as snow melted and infiltrated into the shallow soil 
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where lysimeters were located. In 2016, samples from the field had significantly higher 
concentrations of both TDP (p=0.01) and TP (p=0.02) than samples from the buffer at VBS1, 
but this trend did not hold true for the EB site. In a comparison of the two buffer locations, 
data from both field and buffer lysimeters were combined and analysis showed that TDP 
(p=0.024) concentrations were significantly higher at VBS1 than at EB.  
Combined data from 2015 and 2016 were divided into two seasons: snowmelt 2016 and 
other; where snowmelt samples were considered those collected during the primary 2016 
period of runoff (March 16-19, 2016), and other is considered samples collected during late 
spring and summer, 2015 and 2016. To account for the potential of spatial pseudoreplication 
because lysimeters sample from the same small volume of soil, a linear mixed-effects model 
was used when the lysimeter data were combined over both sampling years. When using a 
mixed-effects model it is possible to calculate the overall variance, or conditional R2 (R2c), 
and the variance explained by just fixed effects, called the marginal R2. For TDP, R2c = 
0.718, which included season as the explanatory fixed effect and site as a random effect. 
Season, the fixed effect, accounted for nearly all the variance explained by fixed and random 
effects (R2m = 0.707). This analysis showed that TDP concentrations in samples from the 
snowmelt period were significantly greater than samples from the summer period (Figure 
2.13).  
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result in artificial cation exchange reactions in the soil because calcium and chloride do not 
have specific replacing power at this concentration (Beauchemin et al., 1996; McDowell & 
Sharpley, 2001; Schofield, 1955). Concentrations of CaCl2-P were low in most of the 
samples, ranging from 0.01-0.17 mg/kg in May and from 0.01-0.04 mg/kg in October. The 
October samples showed no correlation of CaCl2-P to Olsen-P or TP concentrations, but 
there were significant correlations within the May samples. When the field and buffer sites 
were combined and categorized by depth, the strongest correlation between CaCl2-P and both 
Olsen P (rho=0.499) and TP (rho=0.559) were in the 0-15 cm samples. When samples were 
categorized by landscape position and depth, there were stronger correlations in the buffers 
than in the field at all three depths (Table 2.5). 
Table 2.5 Correlations between Olsen P or Total P (TP) and CaCl2 P at three soil depths from May 2015 
sampling. Correlations were calculated using Spearman’s Rho because the data were non-normal. An ** 
denotes significance at p<0.05, and * denotes significance at p<0.1. 
   rho p-value 
0 -15 cm 
Field 
Olsen P – CaCl2 P 0.30 0.131 
TP – CaCl2 P 0.38 0.051* 
Buffer 
Olsen P – CaCl2 P 0.78 0.066* 
TP – CaCl2 P 0.61 0.120 
15-30 cm 
Field 
Olsen P – CaCl2 P 0.54 0.005** 
TP – CaCl2 P 0.40 0.046** 
Buffer 
Olsen P – CaCl2 P 0.52 0.288 
TP – CaCl2 P 0.41 0.425 
30-60 cm 
Field 
Olsen P – CaCl2 P 0.30 0.131 
TP – CaCl2 P 0.39 0.051* 
Buffer 
Olsen P – CaCl2 P 0.78 0.066* 
TP – CaCl2 P 0.61 0.120 
October soil samples were taken after the harvest of vegetation and showed a reduction of 
Olsen P and TP across all sites (Figure 2.15). These samples followed the same trends as the 
May samples, with EB containing the highest mean concentration of Olsen P (35 mg/kg) 
followed by VBS1 (27 mg/kg) and VBS2 (4 mg/kg). The same trends observed in Olsen P 
concentrations were observed in TP concentrations, as EB had the highest mean 
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concentration (1077 mg/kg) followed by VBS1 (753 mg/kg) and VBS2 (536 mg/kg). At 
VBS1 there was a noticeable difference in Olsen P concentrations between the buffer (27 
mg/kg) and its control site (16 mg/kg), though the difference was not statistically significant. 
There was less separation at VBS2, where the mean Olsen P concentration in the buffer was 
4 mg/kg, whereas the mean concentration in the control strip was 8 mg/kg. There were 
statistically significant differences between EB and both VBS1 and VBS2, as well as 
between VBS1 and VBS2. 
 
Figure 2.15 Concentrations of Olsen P from 0-15 cm in soils at VBS1, VBS2, their control strips, and EB in 
October 2015. The red line denotes 25 mg/kg, which is considered a very high Olsen P concentration (Manitoba 
Agriculture, 2013). 
2.4 Discussion 
Before planning and implementing vegetated buffer strips as a nutrient management tool, 
it is important to understand water movement at the potential buffer site. Through various 
quantitative and qualitative methods, this study aimed to understand hydrologic flowpaths at 
a research plot within the Morden Research Centre and determine if there was any difference 
in P concentrations in shallow groundwater and soil water between newly planted grass 
buffers and an established grass buffer. Shallow subsurface water and soil water have not 
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been studied as frequently or thoroughly as surface water in agricultural landscapes as it has 
been widely accepted that there is minimal transport of P to groundwater because of the 
sorption capacity of soils. However, recent work by Domagalski & Johnson (2011) has 
shown that certain physical and geochemical conditions such as low concentration of Fe and 
Al oxides, and sandy soils can result in the transport of P to shallow groundwater and to 
surface water. Thus, understanding the interaction and movement of shallow groundwater 
and soil water is important for understanding the movement of P.  
2.4.1 Hydrologic Flowpaths 
2.4.1.1 Dye Staining  
The objective of the dye staining exercise was to answer the research question: What are 
the preferential flowpaths that emerge during a precipitation event within an established 
buffer strip and in a cultivated field? The two primary flow types that were identified during 
the dye stain exercise were macropore flow with low or mixed interaction with the soil 
matrix, and heterogeneous matrix flow. Macropore flow is a type of preferential flow that can 
be dominant in agricultural landscapes, and occurs when precipitation flows into the 
macropore channels, created by root channels, earthworm burrows, or cracks in the soil, and 
moves rapidly through this preferential flowpath (King et al., 2015). Matrix flow is 
characterized by uniform movement of water through the soil profile that occurs at a slower 
rate than preferential flow. While the simulation in the cultivated field within the EB site did 
not show many differences in flow types compared to the buffer simulation, there were 
sections where a more impenetrable layer (created by tillage operations) restricted vertical 
movement of the dye. At these sections, dye stained the soils horizontally indicating there 
was lateral flow occurring. Soils closer to the surface are typically higher in soil P 
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concentrations, so lateral movement along the more impenetrable layer could lead to the 
transport of higher concentrations of nutrients than vertical infiltration deeper in the soil 
profile (Reuter, McDaniel, Hammel, & Falen, 1998; Walter et al., 2000). 
Flowpaths through soils are irregular even within a small field site due to the 
heterogeneous nature of soils, but determining the main types of flowpaths present within the 
EB site is important to understanding the potential for movement of water and P to the 
shallow groundwater when preferential flowpaths develop. These preferential flowpaths 
allow water and solutes to move towards the groundwater in a shorter time than has 
previously been assumed (Flury, Flühler, Jury, Leuenberger et al., 1994). The dye stain in EB 
did not show water infiltrating to the depth of shallow groundwater, but this may have 
partially been a result not of the depth of connected macropore channels but instead the very 
dry, unsaturated nature of soils, even after the rainfall simulation. 
There has not historically been much research into the potential for movement of P into 
groundwater and subsequent transport to surface waters because of the assumption that P 
becomes immobilized in soils before reaching groundwater (Holman et al. 2008). However, 
recent research has shown that this is not always the case depending on different geochemical 
and physical soil properties such as abundance of Fe and Al oxides, soil type and pH 
(Domagalski & Johnson, 2011; Holman et al., 2008; Vadas et al., 2007), antecedent soil 
conditions (McDowell, Cox, Daughney, Wheeler, & Moreau, 2015), and land use type 
(Holman et al., 2008). Preferential flow can be a transport mechanism for P both to 
subsurface drainage networks and to shallow groundwater, with anywhere from 35-50% of 
export during precipitation events the result of preferential flow (Gächter, Ngatiah, & 
Stamm, 1998; Heathwaite & Dils, 2000; Stone & Wilson, 2006; Vidon & Cuadra, 2011). 
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While the Morden Research Centre does not have subsurface tile drainage installed, it is not 
uncommon for tile drainage to be used by farmers in Manitoba and other parts of the Lake 
Winnipeg watershed, which can increase the discharge of shallow groundwater carrying 
nutrients to streams (LWSB, 2006; King et al., 2015).   
2.4.1.2 Hydraulic Head and Gradient in Piezometers 
While the dye staining experiments helped to answer the research question of what 
flowpaths exist within the soils, using hydraulic head measurements specific to each site 
within the research station was useful because it further explains the movement of water and 
P at all of the sites, this time in the shallow groundwater. Understanding the flow dynamics at 
all three sites was important because they are different in their dominant vegetation species 
and soil type.  
At VBS1, there were only subtle differences in water levels between piezometers, though 
perhaps the most interesting difference was the delay in a rise in the water level at the stream 
location. Whereas the field and buffer locations would peak approximately one day after 
large events, the stream location was delayed by two or three days, but the peak was higher. 
The delayed but higher peak may be a product of the unsaturated conditions of soils adjacent 
to the swale that cause a delay in subsurface movement from the upland sites to the swale.  
The calculation of hydraulic gradient to determine horizontal water movement between 
piezometers showed that at VBS1 there was a negative gradient from the field to the buffer, 
but a positive gradient from buffer to stream, both of which became particularly evident after 
precipitation events. The movement of water from the stream to the buffer can occur when 
the stream fills and water moves from the area of high potential (stream) to an area of low 
potential (buffer), deemed bank storage (Winter, 1998). The swale at VBS1 is intermittent 
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and does not gain flow from groundwater and thus, it is plausible that any water that does 
move through the swale makes its way to the groundwater and increases water level at the 
buffer through the positive hydraulic gradient.  
Overall, VBS2 was a drier site than either VBS1 or EB, likely because it was artificially 
dug in December 2014 to hydrologically connect a large retention pond to the natural swale. 
All of the water from the spring 2015 melt was held in the enhanced ditch but infiltrated 
before it could be released to VBS2 as surface water flow. Despite the sandy nature of the 
site, none of the piezometers reacted to precipitation events, which likely means there was 
little infiltration to the depth of the piezometers but instead any precipitation began to 
saturate the dry upper soils. The lack of infiltration to the piezometers also indicates that 
there would have been little to no leaching of P from the soils into the shallow groundwater. 
The overall hydraulic gradient for the site, from field to stream, was negative, which was 
influenced by the heavily negative gradient from buffer to stream. This indicates that if there 
was P moving into piezometers at the more upland landscape positions it could potentially 
move into the stream. However, the gradient was very small so further monitoring would be 
necessary to determine if this gradient is maintained in wetter conditions.  
The final site, EB, was not as resistant to changing hydraulic head after precipitation 
events, but also did not react as much as VBS1. This may be explained by the dense 
vegetation in both the buffer and the stream itself, as well as the soil texture and structure in 
the field landscape position. The field at this site was only cultivated for one year and, thus, 
much of soil structure below the tilled layer was the same as the buffer position. As the dye 
experiments showed, there was not much infiltration beyond 15 cm in the cultivated field so 
it is likely that precipitation would not have infiltrated to the shallow groundwater. Any rise 
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in the water table from precipitation events is likely due to a rise in the water table 
throughout this drainage area. Additionally, the hydraulic gradient was negative from field to 
stream, indicating water was moving from the upland sites to the stream. This was to be 
expected at this location as it is a naturally occurring stream that holds water throughout most 
of the year and has been altered the least of the three field sites.  
Of note is the near mirror image of calculations of hydraulic gradient from field to buffer 
and from buffer to stream that is particularly noticeable when water level fluctuates after a 
precipitation event. When hydraulic gradient increases from field to buffer it simultaneously 
decreases from buffer to stream and vice-versa. One explanation for this occurrence could be 
that the buffer soils were consistently wetter than surrounding soils and thus, when a rain 
event occurs and water infiltrates to the piezometers it then moves to less saturated soils. Due 
to the large width of the buffer (34.2 m) and near flatness, water can easily move both 
towards the field and the stream.  
2.4.2 Phosphorus Concentrations in Piezometers 
One of the central questions to be answered by this research was whether there was a 
difference in P concentrations between old and new buffers. Analysis of the data compiled 
from both field seasons and all three sites found that there were no differences between 
landscape positions, but that there were differences between the three buffer locations. This 
is likely due to the short-term nature of samples collected for this study. The three 
piezometers at both VBS1 and VBS2 were installed in land that had been cultivated for many 
years prior to the planting of the buffers and thus, any impact of this landscape change likely 
had not impacted the deep soils the piezometers were installed in. The same is true of EB, 
though rather than being cultivated for many years, the entire plot had been planted to grass, 
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so two years of cultivation likely did not have a significant influence on the geochemistry or 
soil structure to the depth of piezometer installation in the field and buffer landscape 
positions.  
As the dye stain experiments showed, and the water level data confirmed, one 
commonality among the three sites was that there was no evidence of rapid vertical 
infiltration of precipitation to the shallow groundwater, as much of the water was likely 
stored within the top 30 cm of soil immediately following a precipitation event. 
Infrequent precipitation throughout the summer and low snow accumulation in both 
winters likely led to drier than normal soil conditions and, thus, slower infiltration and 
movement of water to the depth of the groundwater. As described by Gächter et al. (1998), 
when precipitation falls at increasing intensities, macropore flow increases at shallower soil 
depths and mobilizes P in higher concentrations due to the higher concentrations of P near 
the soil surface. Samples taken in the days following a precipitation event in summer 2015 
had the highest concentrations of DRP and TDP of all samples, which could be a result of 
water stored in the soil matrix being flushed into the groundwater. The ability for P to move 
into the shallow groundwater at the sites at the Morden Research Centre are consistent with 
the work of Vadas et al. (2007) in Maryland, USA, who found that after precipitation events 
soil P was mobilized into the groundwater to depths of 1.5 m. Additional evidence that some 
infiltration occurred is that the piezometers did not go dry until late summer, which could be 
attributable to infiltration from precipitation. Another explanation could be that in this area, 
just east of the Manitoba Escarpment, groundwater can move laterally from west to east 
through the permeable layer and displays groundwater discharge characteristics, particularly 
in late spring and early summer (Sibul, 1968).  
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There were no general trends of correlations between P concentrations and hydraulic 
head that are likely attributable to the short duration of the study. Further work on this would 
be important because in 2016, the first snowmelt period after the new buffers were installed 
in spring 2015, there was a significant negative correlation between DRP, TDP, and 
hydraulic head at the buffer landscape position when sites were combined. This could be 
attributable to shallow groundwater reaching soils with low soil P that is not mobilized, but 
could also be the result of a reduction of P available to be mobilized because of the dense 
vegetation continuing to use soil water and soil P late into the fall.  
Following the framework developed by Vadas et al. (2007) for assessing the potential 
threat that P in groundwater poses, a 200 µg/L limit was set for groundwater concentrations 
that could have a negative impact on water quality if the groundwater moved to surface 
waters. This limit is a compromise between the 200 µg/L concentration necessary for plant 
growth and the 100 µg/L concentration recommended by the US EPA as a limit for total P in 
streams (Vadas et al., 2007). In this study, only 7% of DRP samples collected using the 
piezometers exceeded this limit, though samples from the EB field location reached as high 
as 2544 µg/L. The percent of TDP samples exceeding this limit was slightly higher, with 8% 
of samples exceeding the 200 µg/L threshold with a maximum concentration of 3530 µg/L at 
the EB field location. Concentrations of TP were significantly higher than those of DRP and 
TDP, as 29% of all samples exceeded this limit. Combining all P constituents, 15% of 
samples exceeded the 200 µg/L threshold that is nearly identical to the work of Vadas et al. 
(2007) who found 15% of their samples to exceed the threshold.  
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2.4.3 Phosphorus Concentrations in Lysimeters 
Two major themes emerged from the lysimeter samples: in 2015 and 2016 the buffer 
lysimeters produced more samples than the field lysimeters, and the most important 
explanatory variable of both TDP and TP concentrations was season, not site nor landscape 
position.  
Lysimeters within the buffers produced a greater number of samples but also, particularly 
during the summer 2015 sampling season, produced a greater volume of sample, indicating 
that the soils within the buffers had a greater capacity to hold water than the field soils. One 
explanation for this could be that the grasses and weeds in the buffers were denser than the 
cultivated crops in the adjacent field that slowed infiltration and maintained wetter soil 
conditions to the depth of the lysimeter. Additionally, after the 2015 harvest the cultivated 
crop fields were essentially bare whereas at the buffer sites there was some organic matter 
left on the soil that may have prevented evaporation.  
Another possible explanation for this trend is that the buffer grasses and flax crop have 
different water needs and different root systems. Whereas flax have branched taproots that 
use the top half of the 1 m root zone for 70% of water uptake (Booker et al., 2015), the 
meadow foxtail of EB and mix of timothy grass at VBS1 have short, fibrous roots that grow 
between 5 and 10 cm in depth (Hannaway, 2004; Kline, Broersma, Wright, & Rode, 1993). 
Thus, it is possible that the flax crop was drawing water from the same depth that the 
lysimeter was installed while the vegetation in the buffers were drawing from soils above the 
lysimeters, but not enough to leave the lysimeters dry. Flax is bred to grow quickly, using 
approximately 8 mm of water per day during peak growing season whereas most grasses do 
not exhibit the same rapid growth (Booker et al., 2015).  
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The second finding from the lysimeter data from 2015 and 2016 was that the most 
important explanatory variable was season, not landscape position or location at the field site. 
The snowmelt period showed the highest lysimeter concentrations of TDP and TP, a result 
that was expected based on the abundance of prior research of P loading during the snowmelt 
(Chanasyk & Woytowich, 1985; Granger et al., 1984; Little et al., 2006). However, with the 
significant differences in soil type and soil P between sites, it was unexpected that when 
season was included in the model, there was no significant difference between the two sites. 
Soils were significantly higher in Olsen P and TP in EB than in VBS1, but although not 
significant, VBS1 was higher in TDP and TP in lysimeter samples. This could be explained 
as the sandier soils and increased infiltration at VBS1 allowed more P to become soluble and 
move through the soil matrix to be collected by lysimeters. While this result may not answer 
whether the soil water in fields or buffers will necessarily be higher in P, it is an important 
finding when deciding which field (no till, minimum till) and buffer management (mowing, 
haying) practices to implement in the fall.  
Previous research has found that there is a curvilinear relationship between 
concentrations of DRP in water collected by lysimeters and both Meinlich-3 and Olsen P 
(McDowell & Sharpley, 2001; Smith, Chalmers, Chambers, & Christie, 1998). While the 
results of the work presented here did not show evidence of curvilinearity, there were 
significant correlations at each site between Olsen-P, TP and CaCl2-P at the 0-15 cm and 15-
30 cm depths as well as between Olsen P and TDP concentrations in the lysimeter samples. 
This corresponds well with the work of McDowell & Sharpley (2001) who found that there 
was a significant relationship between the concentration of DRP in drainage water and Olsen 
P concentrations.   
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2.4.4 Soils 
Concentrations of soil P are an important component of understanding P transport to 
groundwater and surface water. In a study on the leaching potential of P under various 
fertilizing regimes, Ulén (1999) found that after crops had removed large concentrations of 
soil P, high concentrations of P were still leached from soils, and thus concluded that once 
soils are enriched in P they can leach P for many years, even when crops are growing. 
Coined ‘legacy P’ – P that has accumulated in soils over years but that can be remobilized 
and transported to surface and groundwater – this source of P has recently been an increasing 
focus for studies on various BMP strategies (Kleinman et al., 2011). Additional research has 
shown that buffers can become a source of P when they are saturated with P enriched soil 
(Dillaha et al., 1988) and when frozen vegetation leaches P (Bechmann et al., 2005; 
Roberson et al., 2007; Øgaard, 2015).  
It is thus an interesting but perhaps expected finding with respect to the final research 
focus - the impact of soil P levels on groundwater and soil water P concentrations - that the 
site with the highest concentrations of P in the soil, soil water, and groundwater was EB both 
before and after the summer 2015 harvest. Traditional assumptions of BMP effectiveness 
would not have predicted this result because EB had been planted to grass for 20 years and 
had not been receiving fertilizer over that period. However, with new understanding of BMP 
effectiveness over time and under different climatic conditions, three possible explanations 
are proposed: (i) prior landscape management; (ii) minimal uptake by vegetation; and (iii) 
vegetation as a source of P. Prior to being planted to grass, the meadow foxtail field was 
cultivated for various research activities at the Morden Research Centre and depending on 
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the species being grown and what the trials were, high concentrations of P could have been 
added to the landscape for numerous years.  
Individual vegetation species can impact P mobilization differently in relation to age, 
season and other factors. As noted by Dosskey et al. (2010), nutrient incorporation into the 
plant biomass increases rapidly when vegetation is young, but eventually plateaus and begins 
to decline. This is particularly true in grass species as evidenced by research by Kelly et al. 
(2007), which found that P accumulation in the biomass of alfalfa and switchgrass reached a 
plateau after four years whereas P accumulation in cottonwood continued to increase. Thus, 
if the grass in EB has not been managed in any way other than haying or mowing, there is the 
potential that P from prior cultivated use of the field built up in the soils and has 
subsequently not been used by the old, minimally managed meadow foxtail grass. Another 
explanation for the high Olsen P and TP concentrations in EB could be that the vegetation 
has become a source of P. Greenhouse experiments described in Chapter 3 and numerous 
studies in northern climates and in controlled laboratory settings (Bechmann et al., 2005; 
Øgaard, 2015; Roberson et al., 2007) have found that vegetation that undergoes multiple 
freeze-thaw cycles (FTCs) can leak P from broken cells. At EB, vegetation could have 
leached P that was then transported throughout the buffer by overland runoff. However, 
because EB was previously an entire field of meadow foxtail, much of the P that, in a narrow 
buffer could be carried to an adjacent stream, may have moved to the topsoil and eventually 
to deeper soils as water infiltrated. Thus, the increased inputs of P from vegetation coupled 
with the minimal management that does little to encourage greater uptake by aging 
vegetation may explain these high soil P concentrations (Kelly et al. 2007). 
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While the elevated P concentrations in EB were unexpected at the outset of the study, the 
results are supported by the piezometer and lysimeter data, where EB samples often had the 
highest concentrations of DRP and TDP. Additionally, the work of Heckrath, Brookes, 
Poulton, & Goulding (1995) showed the presence of a curvilinear relationship between Olsen 
P and various forms of P in drainage water. Their work showed that when Olsen P 
concentrations were below 60 mg/kg, P was retained in the soil, but when Olsen P 
concentrations increased above 60 mg/kg, the relationship between Olsen P and drainage 
water P was stronger. Additionally, McDowell & Sharpley (2001) found the change point to 
be 33-36 mg/kg Olsen P for soils in Slapton Wood, Devon, UK, a threshold that samples at 
EB were rarely below. Thus, the high concentrations of Olsen P can likely explain the 
elevated concentrations of DRP and TDP in lysimeter and piezometer samples even though 
there was no evidence of a curvilinear relationship. The lack of change point in this dataset 
maybe due to the low, often below detection limit concentrations of CaCl2 extractable P 
(~24% of all samples) and thus, a limited dataset.  
Enrichment of soil in P can lead to high concentrations of groundwater P and lysimeter P, 
particularly after precipitation events or during the snowmelt period when the water table is 
elevated (Vadas et al., 2007). This is particularly true in sandy soils because of their inability 
to retain P, as well as silty or clay dominated soils and in soils where there is a high 
concentration of P in the topsoil (Sims et al., 1998). Both are features of VBS1 and VBS2 
and while EB soils are classified not as sandy but as silty loams, it has the highest 
concentrations of Olsen P retained in the topsoil.  
Figure 2.16 is a conceptual diagram that aims to collate concentrations of TDP and TP 
from lysimeters and piezometers in May 2015 from two sites: EB and VBS1.  It also includes 
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Olsen P values from soils collected in May 2015 at two depths; 0-15 cm and 15-30 cm 
because of their potential to impact lysimeter sample concentrations. Of note is the 
significantly higher concentrations of TDP and TP from the lysimeters at both EB sites that 
corresponds to significantly higher Olsen P concentrations at both soil depths.
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2.5 Conclusions and Implications 
Over the two years of this study, conditions in Morden were drier than usual and this 
likely impacted how water was moving through the soil at each of the buffer sites. Water 
primarily moved vertically and was stored within the soil matrix, although under wet 
conditions patterns of deeper vertical infiltration and lateral flow may develop. The drier 
conditions also likely impacted the concentrations of P in the piezometers as there was little 
addition of new water that had infiltrated through the buffers so it is likely that the landscape 
changes have not yet been realized in the shallow groundwater. Thus, future monitoring of 
the shallow groundwater at these sites is important because of this lag in water quality, as 
noted by Meals et al. (2010). The landscape change from field to buffer was reflected in the 
lysimeter samples, as those lysimeters located in the buffers produced more samples than 
those in the field. This could be the result of the higher organic content in the buffers than the 
cultivated fields, which encourages higher moisture holding capacity, or the result of greater 
water use by flax in the cultivated fields, particularly in the zone where lysimeters were 
installed.  
Finally, the high concentrations of Olsen P and TP at the EB site point to legacy P as an 
important and underestimated part of understanding how best to manage buffers for P. Unlike 
VBS1 and VBS2, which had received fertilizer input in recent years, EB had not, but still 
maintained significantly higher values of Olsen P and TP. These high concentrations support 
the research that buffers can act both as sinks of P but also as potential sources if that stored 
P were transported to the adjacent surface water.  
Monitoring shallow groundwater levels to understand the potential for P movement into 
the stream at the Morden Research Centre showed variability among the sites, particularly 
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after precipitation events. Longer term monitoring at VBS1 and VBS2 as the vegetation 
matures and the soils develop different preferential flowpaths within the buffer would be 
useful to determine if these new buffers begin to hydrologically mimic the EB site.  
The high concentrations of soil P, soil water P, and shallow groundwater P at EB are 
particularly interesting when considering management strategies of buffers. Current 
management of EB has been mowing and occasionally harvesting, but soil P levels are still 
elevated. As Kelly et al. (2007) note, annual harvesting of the vegetation is necessary but 
multiple harvests would be ideal as it would not only remove a source of P from the 
landscape but would also rejuvenate the stand and encourage more P uptake. Additional 
commonly implemented management strategies designed to encourage P uptake by the 
vegetation are disking, interseeding with other grasses, forbes or legumes, and controlled 
burning (Minnesota Board of Water & Soil Resources, 2015). VBS1 and VBS2 provide a 
unique opportunity to begin management of the buffer from infancy, using the 
aforementioned techniques.  
Monitoring these sites into the future is important for understanding the flowpaths that 
will develop as the new vegetation in VBS1 and VBS2 also develops. This study took place 
under two winters with low snowfall totals and mid-winter melts that reduced the amount of 
runoff the buffers were exposed to. Thus, long term monitoring of these sites is required to 
determine if the new buffers are efficient sediment and P traps, and how the new buffers 
compare to the old buffer with respect to improvements in surface water quality through a 
reduction in P.  
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Chapter 3 Influence of vegetation on phosphorus retention and loss in buffers in 
agricultural landscapes in northern climates  
3.1 Introduction 
Vegetated buffer strips, or buffers, are a common best management practice (BMP) 
applied globally in agricultural regions. The purpose of a buffer is to reduce loading of 
nutrients and sediments to adjacent waterbodies by trapping sediments associated with 
overland runoff, and through plant uptake of nutrients. Buffers have been researched 
extensively and have been found to be effective in reducing sediment and nutrient loads in a 
variety of different climates and landscapes (Dorioz et al., 2006; Hoffmann, Kjaergaard, 
Uusi-Kämppä, Hansen, & Kronvang, 2009; Kronvang et al., 2005; Muenz et al., 2006; 
Norris, 1993). Because of their effectiveness, they are increasingly being implemented, with 
some regions making them mandatory practice (EU CAP, 2009; State of Minnesota, 2016). 
However, when focusing on northern climates, particularly those that are characterized by 
long winters where snow accumulates on fields and on buffers, the reductions of nutrients 
like phosphorus (P) associated with buffers found in other parts of the globe may not hold 
true. When buffers are covered in snow and ice and their soils frozen during the spring runoff 
they are not trapping sediments nor are they actively taking up soil solution P. Additionally, 
freezing temperatures can cause cellular dehydration and subsequent P loss when this 
dehydration causes cell lysing in the buffer vegetation (Pearce, 2001). 
A number of studies have investigated the potential for P leaching from frozen and 
thawed vegetation (Liu et al., 2013; Øgaard, 2015; Sturite, Henriksen, & Breland, 2007) and 
from frozen and thawed crop residues (Elliott, 2013; Timmons, Holt, & Latterell, 1970). 
Additional work has investigated the P leaching potential from frozen and thawed vegetation 
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and residue after a precipitation or runoff event in an attempt to simulate spring melt 
conditions (Bechmann et al., 2005; Roberson et al., 2007). As outlined in Appendix 1, results 
from these studies are variable in the P concentrations released and the percentage of P 
released in the dissolved form because of differences in: species studied; laboratory and field 
settings; and the extraction techniques used, but it has been a common finding that vegetation 
and residue can be a source of P under such conditions (Bechmann et al., 2005; Elliott, 2013; 
Liu et al., 2013; Øgaard, 2015; Roberson et al., 2007; Timmons et al., 1970). 
The following chapter describes work undertaken at the AAFC Research and 
Development Centre in Morden, MB, as well as greenhouse experiments undertaken at the 
University of Northern British Columbia (UNBC), to gain a greater understanding of the 
effectiveness of buffer strips when subjected to the conditions of a northern climate. In order 
to accomplish this, the following two research themes, supported by specific research 
questions and objectives, were identified. 
3.1.1 Theme 1 
Long periods of cold temperatures and snow covered vegetation in buffers can reduce 
buffer effectiveness and can lead to P leaching from vegetation. The following research 
questions were formulated to further investigate if this may be occurring at the Morden 
Research Centre:  
How much P is leached from vegetation over winter and what is the potential for 
leaching from vegetation undergoing varying numbers of freeze-thaw cycles?  
Objective: Quantify P concentrations contained in the roots and shoots of buffer 
vegetation in the fall and spring to determine how much P is potentially leached 
Objective: Quantify differences in P concentrations in greenhouse-grown vegetation 
undergoing various numbers of freeze-thaw cycles (FTCs) 
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3.1.2 Theme 2 
The relationship of P concentrations between soils, vegetation, and water is a theme that 
extends to both chapters. This chapter will specifically investigate the biomass TP-soil P 
relationship. The following research questions and objectives will be addressed: 
Is there a significant difference between buffers with newly planted vegetation and well 
established vegetation in P uptake?  
Objective: Quantify the total P contained within the biomass of established and 
newly seeded buffers 
Are soil P concentrations a determinant of biomass P concentrations and are there 
significant differences between sites or landscape positions? 
Objective: Quantify and compare soil P concentrations between buffer sites and 
landscape positions and determine if correlations to biomass P concentrations exist 
3.2 Methods 
3.2.1 Study Site 
Field sampling was undertaken at the AAFC Cereal Research Development Centre in 
Morden, MB, in three buffers: vegetated buffer strip one (VBS1), vegetated buffer strip two 
(VBS2), and established buffer (EB). A full map of the research centre and studied buffers 
can be found in Chapter 2 (Figure 2.1, Figure 2.2). In spring 2015, a 1.5 ha stand of meadow 
foxtail (Alopecurus pratensis) that had existed for 20 years was mowed and tilled for crop 
cultivation, except for a 5140 m2 buffer strip for the EB site. Vegetation in this strip was 
dense and had been managed through mowing and periodic haying over its 20-year life. This 
buffer was adjacent to a stream that runs from the town of Morden to the research centre.  
While EB consists of solely meadow foxtail, VBS1 and VBS2 were new buffers, initially 
planted in spring 2015 with a mix of species. Directly downstream from VBS1 and VBS2 
were control strips (C1 and C2) that were cultivated with the same crops as the adjacent 
fields. The buffer at VBS1 was 229 m2 in area, and vegetation showed substantial growth on 
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the south facing slope/bank, but had some bare spots on the north slope/bank, where the 
piezometers and lysimeters were installed. Eventually, VBS1 was inhabited primarily by 
weeds (Figure 3.1). This buffer is planted across a naturally occurring swale that holds water 
only during the spring snowmelt period and very large precipitation events. The smallest 
buffer, VBS2, was 146 m2, but grew dense with vegetation that was primarily timothy grass. 
It was planted across an artificial shallow ditch that had been dug from the outlet of the 
infiltration pond to connect to the natural swale. This location was much sandier than EB and 
VBS1 and allowed water to infiltrate more rapidly than the other two buffer sites. VBS1 and 
VBS2 were initially planted with native grass seed that did not establish well due to seeding 
and environmental conditions, and thus, were inter-seeded with brome and timothy that are 
easier to establish (Figure 3.1). By the end of summer 2015 and spring of 2016, there were 
still a few bare spots in VBS1, but the growth in both buffers was substantial.  
 
Figure 3.1 
Left: VBS1, July 2015 – Vegetation was primarily weeds with some planted grasses. Bare patches are visible 
on the north facing slope near the piezometer 
Right: VBS2, July 2015 – Vegetation was primarily timothy grass with very few bare patches 
3.2.2 Field Vegetation Sampling 
3.2.2.1 Shoot Harvesting and Processing 
Vegetation samples (i.e. biomass shoots) within the buffer features were collected three 
times throughout the course of the study: September 15, 2015 and October 22, 2015, and 
March 10, 2016. The purpose of sampling in both September and October was to examine 
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the difference in P concentrations after vegetation had undergone a freeze or killing freeze. A 
freeze is loosely defined as temperatures dropping below 0°C, whereas a killing freeze is 
loosely defined as temperatures dropping below -1.0°C during the growing season for at least 
two consecutive hours (National Weather Service, 2010). On October 7th, the first killing 
freeze occurred, lasting 6 hrs with a minimum temperature of -1.4°C recorded. A more 
extended killing freeze occurred on October 17th when temperatures dropped below 0°C for 9 
hours, with a minimum temperature of -4.8°C. The morning of sampling on October 22nd, a 
minimum temperature of -2.0°C was recorded, but it is notable that temperatures were only 
below freezing for 4 hours on this date. Biomass shoot samples were taken again in March 
2016 to determine the potential loss of P from the buffer vegetation over winter and the 
subsequent spring snowmelt period.  
Three 0.50 m by 0.50 m quadrats (0.25 m2) were established at locations selected within a 
randomized grid at VBS1, VBS2, and EB. Shoots within the quadrat were clipped to a height 
of 2 cm and fresh weight was recorded on the day of collection. Biomass samples were taken 
in triplicate throughout the buffers to ensure a representative sample was collected. 
Unfortunately, prior to the October 2015 sampling, all three buffers were mowed by AAFC 
staff, leaving only sparse vegetation available to be sampled in October 2015 and March 
2016. Three vegetation samples were taken from each of these two buffers, but were not 
adequately spatially independent and thus, were composited. Adequate vegetation was left 
within EB over winter and thus, samples were taken in triplicate in both October 2015 and 
March 2016 and analyzed independently.  
Fresh samples were placed in a drying oven at 65°C for 48 hrs, after which their dry 
weight was recorded. Subsamples were sent to Farmer’s Edge Laboratories (Winnipeg, MB) 
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for analysis of total phosphorus (TP) by inductively coupled plasma optical emission 
spectrometry using an iCAP 7200 ICP-OES (Thermo Fisher Scientific, USA). Results from 
this analysis are reported on a dry weight basis.  
3.2.2.2 Root Harvesting and Processing 
Root samples were collected concurrently with the shoot samples within the buffer 
features in September and October 2015 and in March of 2016. Soil beneath the 0.5 m by 0.5 
m quadrat was excavated and placed in storage at 4°C until the roots could be separated from 
the soil matrix. Root samples were separated by hand and care was taken to remove as much 
sediment from the samples as possible. Due to the small, brittle, and fibrous nature of grass 
roots, roots from the triplicate excavated samples were composited in order to obtain enough 
mass for analysis. Samples from September were stored until sampling was completed in 
October. Fresh weight of the root samples was recorded before being dried at 65°C for 48 hrs 
and sent to Farmer’s Edge Laboratories (Winnipeg, MB) to be analysed for TP by an iCAP 
7200 ICP-OES (Thermo Fisher Scientific, USA).  
3.2.3 Soil Sampling 
Soil samples used in the vegetation analysis are the same as those used in the analysis of 
water quality. The methods for soil sampling and chemical and physical analysis are outlined 
in Section 2.2.2. 
3.2.4 Greenhouse Experiment 
3.2.4.1 Growing Conditions 
Soils removed from the Morden Research Centre were transported to the Enhanced 
Forestry Laboratory (EFL) at UNBC to maintain consistency between the field and 
greenhouse experiments. Soil was shipped in one large container to maintain adequate soil 
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moisture for soil health. Upon receipt at UNBC, the soil was covered and kept outside for 
one week before being moved into experimental buckets. This soil was distributed into 18 L 
buckets after being thoroughly mixed after shipping. A total of 18 buckets were planted to 
account for three freeze-thaw cycles (FTCs) of two P treatments, sampled in triplicate. 
Triplicate samples ensured adequate biomass and quality assurance among samples (i.e., 
pseudo-replicates).  
Each bucket was seeded with timothy grass (Phleum pratense) at a density of 1.12 kg/ha, 
and seeds were sown to a depth of approximately 1-1.5 cm. Half of the buckets, hereafter 
called Treatment 2, were treated with mono-ammonium phosphate (MAP) (11:52:0) fertilizer 
at a rate of 80 kg/ha (42 kg/ha P2O5) to mimic a buffer being grown on soils with greater 
available soil P and to understand if elevated soil P would equate to elevated leaching 
potential from vegetation. The soil in the remaining buckets, Treatment 1, was not amended 
with any additional fertilizer. Immediately following planting and fertilization, all the 
buckets were irrigated with tap water. Until plants reached germination, the soil buckets were 
irrigated daily and covered with plastic wrap to ensure soils did not dry out, which would 
prevent the emergence of the shoots. After germination of all the buckets, irrigation occurred 
every 1-2 days as needed. Grasses were grown in the EFL under constant temperature, 23°C, 
and under light for 16 hrs and darkness for 8 hrs. Shoots were sampled 65 days after seeding 
and composited based on their soil P treatment. The buckets continued to be irrigated every 
1-2 days as needed and were sampled again after an additional 37 days, to mimic a second 
harvest that would occur in the field. Sampling consisted of clipping shoots to 2 cm and, for 
the second harvest, excavating soils to 10 cm to harvest roots. Root samples were not taken 
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with the first harvest because it was too destructive to the health of the plants and would not 
have allowed for a second harvest. 
3.2.4.2 Freeze-Thaw Treatment 
All the freeze-thaw treatments and leachate protocols were identical for samples from 
both harvests. From the composite of harvested shoots, 3 g samples were taken in triplicate to 
undergo zero, three, or six FTCs. Each FTC consisted of 16 hrs duration at -20°C and 8 hrs 
duration at +4°C. The samples undergoing zero FTC were stored at 4°C while those 
undergoing three or six FTCs underwent their respective FTC regime. After three FTCs, 
those samples were stored at 4°C until the samples undergoing six FTCs were complete. 
While FTCs in previous research have consisted of 12 hr cycles, the 16 hr freeze, 8 hr thaw 
cycle was chosen to more closely mimic a natural system that would have longer periods of 
freeze than it would of thaw, especially in the early spring in Manitoba.  
3.2.4.3 Chemical analysis 
After all FTCs were complete, water samples were collected by shaking 3 g of plant 
material with 80 mL of deionized water at 75 rpm for 1 hr at room temperature (Øgaard, 
2015). After shaking, 60 mL of the water extract was filtered through a 45 µm syringe filter 
and subsamples of filtered extract were immediately analysed for the determination of water 
extractable phosphorus (WEP). Total dissolved phosphorus (TDP) and total phosphorus (TP) 
were determined after an alkaline persulfate digestion on filtered and unfiltered samples, 
respectively (Rice et al., 2012). Throughout this thesis, the WEP in the water extracts will be 
referred to as biomass WEP and the TP in the water extracts will be referred to as releasable 
TP. All samples were analysed using an AA3 AutoAnalyzer (Bran + Luebbe, Norderstedt, 
Germany) using the molybdate blue method at wavelength 880 nm, following the methods of 
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Additional subsamples of the shoot and root biomass were weighed and dried at 70°C for 
48 hours to determine dry weight. After dry weight determination, biomass samples were 
finely ground, sieved to <15 mm, and subsamples of 0.25 g were digested with nitric acid 
and hydrogen peroxide. These samples were analysed for TP using an iCAP 7200 ICP-OES 
(Thermo Fisher Scientific, USA (ICP-OES) at Farmer’s Edge Laboratories (Winnipeg, MB), 
and are referred to throughout this thesis as biomass TP.  
3.2.5 Statistical Analysis 
All statistical analysis was undertaken using the statistical program R v. 3.2.1 (R Core 
Team, 2015). Initial data exploration consisted of the Shapiro-Wilk test for normality and 
either the Bartlett Test of Homogeneity of Variances or the Fligner-Killeen Test of 
Homogeneity of Variances. The Bartlett test is suitable only for normally distributed data 
whereas the Fligner-Killeen test is a non-parametric test that is suitable for non-normally 
distributed data.  
When data were determined to be normally distributed, homoscedastic, and independent, 
they were analysed in the ANOVA framework. When the assumption of normality was 
violated, the non-parametric Kruskal-Wallis test was used with Dunn’s post-hoc test. Initial 
data exploration to determine what explanatory variables were significant and what possible 
interaction terms were significant was also undertaken. When a model had only one 
significant explanatory variable and no significant interaction term, a one-way ANOVA and 
post-hoc Tukey Honest Significant Differences (HSD) test were used at a 95% confidence 
interval. When data had multiple significant explanatory variables, a two-way ANOVA was 
used. Correlations were analyzed using Pearson’s product-moment correlation, a test statistic 
for normally distributed data. Spearman’s rho statistic is a non-parametric test that uses a 
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rank based measure to determine if data are correlated and was used in place of Pearson’s 
correlation when data were non-normal. 
Soil P data included in this chapter were subset to only include samples taken within the 
buffers where vegetation analysis was performed and thus, samples taken throughout the 
cultivated fields at the research site in a randomized grid (Section 2.2.2, Figure 2.4) were 
excluded from analysis in this chapter.  
3.3 Results 
3.3.1 Field Vegetation  
Before investigating differences between fall and spring vegetation samples, a 
determination of a difference between TP concentrations in the biomass samples taken in 
September and those taken in October was completed. A two-way ANOVA determined that 
there was a significant difference between the two sampling dates in the fall, but post-hoc 
testing showed that this significance was not maintained when sites were isolated and 
compared to each other (Table 3.1).  
Table 3.1 Results of a two-way ANOVA of site and date on biomass total phosphorus (TP). Average TP values 
from each sampling date are in (). An asterisk denotes significance at p<0.05. 
Site Date Pr(>F) 
VBS1 
September (2633 mg/kg) | October (2292 mg/kg) 0.715 
October (2292 mg/kg) | Mar (1800 mg/kg) 0.548 
September (2633 mg/kg) | Mar (1800 mg/kg) 0.029* 
VBS2 
September (1767 mg/kg) | October (1348 mg/kg) 0.502 
October (1348 mg/kg) | Mar (930 mg/kg) 0.715 
September (1767 mg/kg) | Mar (930 mg/kg) 0.028* 
EB 
September (1733 mg/kg) | October (1355 mg/kg) 0.247 
October (1355 mg/kg) | Mar (1023 mg/kg) 0.379 
September (1733 mg/kg) | Mar (1023 mg/kg) 0.008* 
However, rather than combining the data collected from September and October into a 
larger dataset to analyse for seasonal differences between fall and spring, the two sampling 
dates in the fall were kept distinct because the October samples were taken after the first 
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killing freeze of the season, when plants may begin to translocate P from the shoots to the 
roots. Results from the Tukey test (Table 3.1) show that while there was no statistically 
significant difference between the September and October samples or between the October 
and March samples, there was a significant difference at all the sites between September and 
March. This significance is lost when samples from September and October are combined.  
Maximum TP in the biomass was recorded in September in each of the buffers, and 
substantial loss of P occurred with each subsequent sampling event. As noted above, some 
loss was expected between September and October due to the translocation of P after a hard 
freeze, so the change in concentrations in roots from September to October was calculated to 
determine if this translocation from shoots to roots had occurred. Roots in VBS1 experienced 
a loss of 10% and VBS2 experienced a loss of 11% whereas EB roots showed an increase of 
11% in TP root concentrations. Shoots in VBS1, VBS2 and EB recorded losses from 
September to October of 13%, 24% and 22%, respectively. Additional loss was observed 
from October to March in the shoots of all the buffers, with VBS1 recording 21% loss, VBS2 
recording 31% loss, and EB recording 24% loss.  
To understand the impact that harvesting buffer vegetation could have on reducing TP 
leaching in the spring, a comparison of the biomass TP concentrations recorded in the 
September and March samples was undertaken. This comparison is also important because, 
in this study, the vegetation at the Morden Research Centre was harvested after the 
September sample was collected, so the September to March comparison quantifies what 
would have potentially been lost had the vegetation not been removed. VBS1 recorded 32% 
loss during this period, the lowest of the three buffers. VBS2 recorded the highest loss of 
47% while EB recorded a 41% loss (Table 3.2).  
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Table 3.2 Total loss and percent loss of total phosphorus (TP) derived from biomass TP concentrations during 
three sample periods in fall 2015 and spring 2016 at three buffer field sites. 
 Sept-Oct Sept-Mar Oct-Mar 
Total Phosphorus loss (mg/kg) 
VBS1 341 833 492 
% Loss 13% 32% 22% 
VBS2 418 837 418 
% Loss 24% 47% 31% 
EB 378.7 710 331.3 
% Loss 22% 41% 25% 
Percent loss figures were derived from concentrations (mg/kg) of TP contained within the 
biomass, and these concentrations are also useful in understanding the P removal potential if 
buffers were harvested in the fall.  
Biomass TP concentrations were highest in VBS1 during each sampling period, reaching 
a maximum of 2633 mg/kg in September and minimum of 1800 mg/kg in March. However, 
percent loss from VBS1 was the lowest among the buffers. VBS2, which recorded the 
highest percent losses over winter, contained the lowest concentrations of biomass TP in 
October and March (1348 mg/kg and 930 mg/kg, respectively) and a slightly higher 
concentration than EB in September (1767 mg/kg). Finally, EB recorded its highest 
concentration (1733 mg/kg) in September and its lowest concentration (1023 mg/kg) in 
March and had similar percent loss figures as VBS2 (Figure 3.3).  
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Figure 3.3 Biomass total phosphorus (TP) concentrations in each of the three buffer sites for each of the three 
sampling periods. 
Biomass was harvested in a 0.5 m x 0.5 m quadrat to allow for the quantification of total 
biomass P removed from each of the buffers based on area. The calculated TP in the biomass 
removed from VBS1 was on average 12.53 kg/ha, from VBS2 was 5.18 kg/ha, and from EB 
was 10.26 kg/ha (Table 3.3). To determine the TP removed from each buffer after the 
September harvest, biomass P values were multiplied by the total area of each buffer: EB was 
5140 m2, VBS1 was 229 m2, and VBS2 was 146 m2. Harvest of EB, the largest buffer, 
removed 5.27 kg P followed by VBS1 at 0.29 kg P, and harvest of VBS2, the smallest buffer, 
removed 0.08 kg P.  
Table 3.3 Vegetation biomass and total phosphorus (TP) concentrations from September 2015. TP (kg/ha) was 
calculated based on dry mass values and biomass TP. 
Site Wet Mass (g) Dry Mass (g) Total P (mg/kg) Total P (kg/ha) 
VBS1 
309.0 116.8 2900 13.55 
203.9 101.7 2400 9.76 
465.0 137.4 2600 14.29 
VBS2 
157.7 81.9 1900 6.22 
53.0 33.9 1600 2.17 
283.2 99.2 1800 7.14 
EB 
227.9 112.7 1700 7.66 
281.2 155.6 1600 9.96 
324.1 173.3 1900 13.17 
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Combining percent P loss data from Table 3.2 and kg TP/ha calculations from Table 3.3, 
a clearer understanding of the total mass of P lost from the above ground vegetation in each 
of the buffers from September to March can be obtained. While VBS2 showed the highest 
loss of TP during this period (47%), it had the lowest kg/ha of TP contained in the biomass. 
Thus, its loss from September to March was 2.5 kg/ha. Site EB showed the highest total mass 
lost at 4.2 kg/ha. Site VBS1 lost the least percent (32%) of TP over this period, but its 4.0 
kg/ha TP mass loss was higher than VBS2. Extrapolating these mass loss values to the area 
of each of the buffers, EB showed the greatest loss of TP at 2.2 kg P, followed by VBS1 at 
0.09 kg P and VBS2 at 0.04 kg P.  
3.3.2 Soil Phosphorus 
3.3.2.1 Olsen Phosphorus and Total Phosphorus 
Soil samples analysed for Olsen P and TP taken in October 2015 at the same time as 
vegetation samples were analysed using a one-way ANOVA. Results showed that there was a 
significant difference in Olsen P between VBS1 and VBS2 and between VBS2 and EB, but 
no significant difference between VBS1 and EB. Total P was significantly different among 
all of the sites.  
Analysis of October samples showed that there was a strong correlation between Olsen P 
and TP, as would be expected, but it is notable that Olsen P in the EB and VBS1 comprised 
3.2% and 3.6% of TP respectively, but only comprised 0.7% of TP in VBS2. Concentrations 
of Olsen P were highest in the EB with a mean of 35 mg/kg, and lowest in VBS2 with a 
mean of 3.9 mg/kg. Total P followed the same trend, as EB contained the highest 
concentrations with a mean of 1077 mg/kg and VBS2 contained the lowest with a mean of 
536 mg/kg. 
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In December 2014, before the new buffers had been planted and the large timothy field 
tilled, soil sampling of the 0-15 cm depth layer was undertaken and the sites were categorized 
as either a field site (non-buffer) or EB. Results from a Kruskal Wallis ANOVA showed that 
there was a significant difference in both Olsen P and TP between sites. Both constituents 
were higher at EB, with an Olsen P mean concentration of 79 mg/kg, and TP with a mean 
concentration of 1106 mg/kg, compared to mean concentrations at the field sites of 25 mg/kg 
and 607 mg/kg for Olsen P and TP, respectively.  
Samples from May 2015, taken at three individual depths (0-15 cm, 15-30 cm, and 30-60 
cm) were categorized as either field (F), established buffer (EB), or foxtail field (FF), which 
was the field adjacent to EB. The division between F and FF was chosen because FF had 
been tilled to be planted to crop for the first time in 20 years, having previously been planted 
to meadow foxtail. There was a significant difference between F and FF and between F and 
EB, but not between EB and FF for Olsen P in all datasets. For TP there were no trends of 
significance, though for both Olsen P and TP there was a significant difference between F 
and EB from 0-15 cm (Table 3.7).  
Table 3.4 Results from a one-way ANOVA of categorized soil sampling sites on Olsen P concentrations at 0-15 
cm, 15-30 cm, and 30-60 cm after a log transformation, and results from a Pairwise Wilcox Test of categorized 
soil sampling sites on total phosphorus (TP) concentrations at 0-15 cm, 15-30 cm, and 30-60 cm from May 
2015 samples. An asterisk denotes significance at p<0.05. See text for description of sampling sites. (F: field; 
EB: established buffer; FF: foxtail buffer) 
 Olsen P 
(0-15 cm) 
TP  
(0-15 cm) 
Olsen P 
(15-30 cm) 
TP 
(15-30 cm) 
Olsen P 
(30-60 cm) 
TP 
(30-60 cm) 
 Pr(>F) Pr(>F) Pr(>F) Pr(>F) Pr(>F) Pr(>F) 
F-EB 0.063* 0.007* 0.141 0.21 0.335 0.872 
FF-EB 0.936 0.09 0.945 1.0 0.783 1.0 
FF-F 0.0003* 0.500 0.002* 0.02* 0.003* 0.075 
A comparison between sites in May 2016 samples was undertaken as was a comparison 
between the October 2015 and May 2016 soil samples. Results from a one-way ANOVA of 
the May 2016 samples at a depth of 0-15 cm showed that there was a significant difference 
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between each of the three buffer sites for Olsen P concentrations. The highest mean 
concentrations were found at EB (61.7 mg/kg), followed by VBS1 (38.8 mg/kg) and VBS2 
(5.2 mg/kg). For mean concentrations of TP, EB (1014 mg/kg) was significantly higher than 
both VBS1 (643.5 mg/kg) and VBS2 (518.8 mg/kg) (Table 3.5). 
Table 3.5 Results from a one-way ANOVA of May 2016 soil sampling sites on Olsen P concentrations and on 
total phosphorus (TP) concentrations at 0-15 cm. An asterisk denotes significance at p<0.05. 
 Olsen Phosphorus Total Phosphorus 
 df Sum of Sq. Pr(>F) df Sum of Sq. Pr(>F) 
Site 2 5694 <0.0001* 2 439956 <0.0001* 
Residuals 8 231  8 33998  
EB-VBS1   0.001*   0.0002* 
EB-VBS2   <0.0001*   <0.0001* 
VBS1-VBS2   <0.0001*   0.06 
In a comparison of soil samples from October 2015 and May 2016, the trend of 
significant differences among sites and elevated concentrations at EB remained true. A two-
way ANOVA was run and determined that site and date were significant main effects on 
Olsen P concentrations, as was their interaction. The Tukey HSD post hoc test showed that 
there were significant differences among all of the sites for both October 2015 and May 2016 
samples with the exception of the EB-VBS1 comparison in October 2015. Each of the sites 
showed an increase in Olsen P concentrations from October to May with EB showing the 
greatest increase (43.2%) followed by VFS1 (29.5%) and VFS2 (25.3%) (Figure 3.4). 
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Figure 3.4 A comparison of Olsen P concentrations in 0-15 cm soil samples taken in October 2015 and May 
2016. Bars sharing letters are not significantly different per results from the Tukey HSD post hoc test. The EB 
site was significantly higher than VBS1 and VBS2 during both sampling periods. 
A two-way ANOVA was also run on October 2015 and May 2016 samples after a log 
transformation, and determined that both site and date were significant main effects on TP 
concentrations. There were significant differences between all of the sites for both sampling 
seasons and EB was again the site with the highest mean concentrations, followed by VBS1 
and VBS2 (Table 3.6).  
Table 3.6 Results from two-way ANOVAs of soil sampling sites, dates and their interaction on Olsen P 
concentrations and of sites and dates on log transformed total phosphorus (TP) concentrations. An asterisk 
denotes significance at p<0.05, and a | between effects denotes an interaction term. 
 Olsen P Total P 
 df Sum of Sq. Pr(>F) df Sum of Sq. Pr(>F) 
Site 2 6755.0 <0.0001* 2 1.51 <0.0001* 
Date 1 775.3 0.0002* 1 0.04 0.036* 
Site | Date 2 517.8 0.004*     
Residuals 14 441.7  16 0.11  
October 2015       
EB-VBS1   0.570   0.001* 
EB-VBS2   0.0001*   <0.0001* 
VBS1-VBS2   <0.002*   0.002* 
May 2016       
EB-VBS1   0.001*   <0.0001* 
EB-VBS2   <0.0001*   <0.0001* 
VBS1-VBS2   <0.0001*   0.023* 
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3.3.2.2 Relationship between Soil P and Biomass P 
The results of a one-way ANOVA comparing biomass TP between sites showed that 
there was a significant difference between VBS1 and EB and between VBS1 and VBS2, but 
that there was no significant difference between EB and VBS2. Analysis of the soils data 
showed that the EB site had a mean Olsen P concentration of 86.5 mg/kg in May 2015 but 
reduced to 35 mg/kg in October 2015. VBS1 had the next largest mean concentrations of soil 
Olsen P and TP at 27 mg/kg and 752 mg/kg respectively in October 2015 and VBS2 had 
significantly lower concentrations for Olsen P and TP, with values of 4 mg/kg and 536 
mg/kg, respectively. When comparing both constituents of soil P to biomass TP 
concentrations, EB had the highest mean concentrations in soil samples, but the lowest mean 
concentrations in biomass samples. Site VBS1 had the highest mean concentration of 
biomass TP at 2633 mg/kg, but the soil P concentrations were between those for EB and 
VBS2.  
3.3.3 Greenhouse Experiments 
3.3.3.1 First Harvest 
Concentrations of biomass WEP in the first harvest (after 65 days) were analysed using a 
two-way ANOVA with WEP as the response variable and number of FTCs and treatment 
(added P or natural soil P levels) as explanatory variables. The number of FTCs and the 
interaction between FTC and treatment were significant, but, except for the vegetation 
undergoing six FTCs, the treatment was not and thus a two-way ANOVA with Type 3 Sum 
of Squares was undertaken. These results were corroborated with a pairwise t-test that was 
used to determine the difference between samples pooled by number of FTCs.   
The results of the pairwise t-test (Table 3.7) showed that there was a significant 
difference between zero and three FTCs and zero and six FTCs, but that there was no 
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statistically significant difference between three and six FTCs when results from the two 
treatments were combined. Figure 3.5 illustrates that the mean concentrations of WEP 
increased from an average of 156 mg/kg on biomass undergoing zero FTCs to an average of 
776 mg/kg after three FTCs and an average of 1066 mg/kg after six FTCs.  
 
Figure 3.5 Concentrations of biomass water extractable phosphorus (WEP) dry weight for zero, three, or six 
freeze-thaw cycles (FTCs) in the first harvest. Bars sharing letters are not significantly different per results from 
the Tukey HSD post hoc test. There was no significant difference between treatments for zero and three FTCs 
but there was between treatments after six FTCs.  
The extractable TP data in Figure 3.6 were analysed using a Kruskal-Wallis ANOVA and 
similar to the WEP data, with the exception of the vegetation undergoing six FTCs, there was 
no significant difference between the two treatments so data were composited based on the 
number of FTCs. The results of the Kruskal-Wallis and Dunn’s test showed that there was a 
significant difference in extractable TP between zero and three FTCs and zero and six FTCs, 
but no difference between three and six FTCs (Table 3.7). Extractable TP concentrations 
increased from an average of 156 mg/kg after zero FTCs to 1033 mg/kg after three FTCs, 
and to 1134 mg/kg after six FTCs.  
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Figure 3.6 Extractable total phosphorus (TP) concentrations in water extracts by dry weight for zero, three, or 
six freeze-thaw cycles (FTCs) in the first harvest. Bars sharing letters are not significantly different per results 
from Dunn’s post hoc test.  
To calculate the percent of extractable TP released as WEP, WEP and TP values from 
both treatments were combined based on the number of FTCs. In extracts from the biomass 
undergoing zero FTCs, 53-100% of extractable TP was released as WEP and in samples 
analysed after undergoing three FTC treatments 62-87% of extractable TP was released as 
WEP. In extracts from samples undergoing six FTCs 67-100% of extractable TP was 
released as WEP.  
Table 3.7 Results of a pairwise t-test of number of freeze-thaw cycles (FTCs) on biomass water extractable 
phosphorus (WEP) and a Kruskal-Wallis ANOVA of number of FTCs on extractable total phosphorus (TP). An 
asterisk denotes significance at p<0.05. 
 Water Extractable P Total Phosphorus 
 df Sum of Sq. Pr(>F) df Sum of Sq. Pr(>F) 
No. of FTCs 2 1947617 <0.0001* 2 -- 0.003* 
Treatment 1 2711 0.775   0.4529 
FTC | Treatment 2 361077 0.024*    
Residuals 9 281399  
 
  
0-3   0.0009*  
 
0.0069* 
0-6   <0.0001*  
 
0.0026* 
3-6   0.0675  
 
0.33 
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Statistical analysis comparing the biomass TP to biomass WEP was also completed after 
compositing samples based on the FTC treatment. In fresh biomass, 2.9-9.2% of biomass TP 
was released as WEP. However, as the number of FTCs increased, the percent of biomass TP 
released as WEP also increased. After three FTCs, 18.4-39.3% of biomass TP was released 
as WEP, and after six FTCs 18.8-55.4% of biomass TP was released as WEP. 
Analysis of soil data showed that there was a strong correlation between Olsen P and 
biomass TP, and between soil TP and biomass TP. However, because the collection of soil 
samples was disruptive to continued growth of timothy for the purposes of a second harvest, 
only a single soil sample could be taken so there were no replicates and thus the statistical 
power of the test is small. 
3.3.3.2 Second Harvest 
For the second harvest of vegetation (after an additional 37 days), a two-way ANOVA 
determined that number of FTCs was a significant determinant of biomass WEP and 
extractable TP concentrations, but that treatment was not, nor was the interaction between 
these two explanatory variables (Figure 3.7, Figure 3.8).  
 
Figure 3.7 Biomass water extractable phosphorus (WEP) concentrations by dry weight for zero, three, or six 
freeze- thaw cycles (FTCs) in the second harvest. Bars sharing letters are not significantly different per results 
from the Tukey HSD post hoc test.  
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Figure 3.8 Extractable total phosphorus (TP) concentrations by dry weight for zero, three, or six freeze- thaw 
cycles (FTCs) in the second harvest. Bars sharing letters are not significantly different per results from the 
Tukey HSD post hoc test.  
Thus, as was the case in the first harvest, a one-way ANOVA was used to determine the 
significance between extractable TP and the number of FTCs, whereas biomass WEP was 
analysed using the Kruskal-Wallis ANOVA. Table 3.8 presents results that are similar to the 
analysis of the first harvest; there was a significant difference in extractable TP and biomass 
WEP in the extracts between zero and three FTCs and zero and six FTCs, but not between 
three and six FTCs. It should be noted that in Figures 3.7 and 3.8 that WEP values appear to 
be greater than TP values. This can be caused by a series of factors, one being that vegetation 
undergoing three and six FTCs released almost 100% of its biomass TP as WEP. Thus, when 
concentrations were calculated by dry weight, WEP values can be larger than TP values, 
which is likely what occurred in this study. Bechmann et al. (2005) reported the same 
discrepancy with higher concentrations of WEP (6170 mg/kg) than TP (5700 mg/kg) after 8 
FTCs. 
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Table 3.8 Results of a Kruskal-Wallis ANOVA of number of freeze-thaw cycles (FTCs) on biomass water 
extractable phosphorus (WEP) and a one-way ANOVA of number of FTCs on extractable total phosphorus 
(TP). An asterisk denotes significance at p<0.05. 
 Water Extractable P Total Phosphorus 
 df Sum of Sq Pr(>F) df Sum of Sq. Pr(>F) 
No. of FTCs 2 — 0.0031* 2 757799 <0.0001* 
Residuals 
 
—  15 187190  
0-3   0.0026*   <0.0001* 
0-6   0.0069*   <0.0001* 
3-6   0.3327   0.99 
Concentrations of WEP and extractable TP on a dry weight basis in the second harvest 
were lower than those in the first harvest, likely due to their shorter growing period. 
Concentrations of WEP and TP in the biomass undergoing zero FTCs averaged 77 mg/kg and 
96 mg/kg respectively. In a trend similar to the first harvest, after three FTCs, averages 
increased significantly to 231 mg/kg and 331 mg/kg. After six FTCs, concentrations did not 
increase but remained within the standard error of concentrations from three FTCs. In water 
extracts from the biomass undergoing zero FTCs, 57-100% of extractable TP was released as 
WEP and in samples analysed after undergoing three FTC treatments 91-100% of extractable 
TP was released as WEP. In water extracts from samples undergoing six FTCs 65-100% of 
extractable TP was released as WEP.  
As in the first harvest, the percentage of biomass TP released as WEP increased with 
increasing FTCs. Biomass undergoing zero FTCs released on average just 5% of its biomass 
TP as WEP whereas biomass undergoing three FTCs released 19% of its biomass TP as WEP 
and biomass undergoing six FTCs released 21% of its biomass TP as WEP. 
3.3.3.3 Comparison of Harvests 1 and 2 
Two harvests were completed to mimic what may occur in a natural agricultural system, 
where a landowner would typically get two cuttings from a forage crop such as timothy. Data 
from both harvests were combined to determine if there were significant differences in the 
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measured constituents between the two harvests with respect to the number of FTCs. After 
determining that, with the exception of six FTCs, there was no statistically significant 
difference between treatments, data from the treatments were combined based on number of 
FTCs and harvest number and they were analyzed using a one-way ANOVA (Table 3.9).  
Table 3.9 Comparison of biomass water extractable phosphorus (WEP) and extractable total phosphorus (TP) 
concentrations on a dry weight basis in first and second harvests. The two soil treatments were not significantly 
different so samples were combined based on the number of freeze-thaw cycles (FTCs) and the harvest. An 
asterisk denotes significance at p<0.05. 
 Water Extractable P Total Phosphorus 
 df Sum of Sq. Pr(>F) df Sum of Sq. Pr(>F) 
Harvest + FTC 5 3739597 <0.0001*  24.545 <0.0001* 
Residuals 27 987983   2.205  
0 FTCs 5  0.9932 5  0.4551 
3 FTCs 5  0.9360 5  0.0015* 
6 FTCs 5  0.0088* 5  0.0001* 
The results of this comparison show that there was no statistically significant difference in 
concentrations of WEP between the two harvests after zero and three FTCs, but there was a 
difference after six FTCs (Figure 3.9). Extractable TP concentrations between the two 
harvests were significantly different after both three and six FTCS, but not after zero FTCs 
(Figure 3.10). 
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Figure 3.9 Comparison of concentrations of biomass water extractable phosphorus (WEP) on a dry weight basis 
in first and second harvests. Bars sharing letters are not significantly different per results from the Tukey HSD 
post hoc test.  
 
Figure 3.10 Comparison of extractable total phosphorus (TP) concentrations on a dry weight basis in first and 
second harvests. Bars sharing letters are not significantly different per results from the Tukey HSD post hoc 
test.  
Biomass TP was significantly different between the two harvests, likely because of the 
longer growth period for the first harvest. The mean biomass TP for harvest one was 2833 
mg/kg whereas the mean biomass TP for harvest two was 1683 mg/kg.  
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3.4 Discussion 
The intention of both the greenhouse experiments and field vegetation sampling was to 
gain a more thorough understanding of the potential uptake, retention, and leaching potential 
of P in buffer vegetation. While the prevailing understanding has been that buffers are a sink 
of P, previous research in a variety of cold climate regions has found that this may not always 
be the case. Through the research presented here that was undertaken both in the field and the 
laboratory, some preliminary recommendations for land managers and landowners operating 
in northern climates can be made.  
3.4.1 Field Vegetation 
Vegetation samples harvested from VBS1, VBS2, and EB showed a clear trend of losing 
biomass TP from fall 2015 to spring 2016, (i.e. over the winter period). In a comparison by 
site of TP mass lost, EB exhibited the greatest loss followed by VBS1 and VBS2. This result 
was expected because this measure incorporates the dry mass of vegetation and EB contained 
the greatest quantity of biomass. The age of the buffers explains this result, as VBS1 and 
VBS2 likely did not produce as much biomass because of their infant growth stage. While all 
the buffers were unexpectedly harvested in mid-summer 2015 by AAFC staff, EB was able 
to regrow vegetation better than VBS1 and VBS2 whose overall biomass production seemed 
to be hindered by the harvest. Again, this is likely due to the established root system that 
enabled EB to easily access pools of soil P that VBS1 and VBS2 were unable to access. The 
higher loss over winter from EB may be partially attributed to its recovery from the 
harvesting, as harvesting vegetation has been found to sustain high rates of nutrient uptake 
(Hefting et al., 2005; Kelly et al., 2007; Kiedrzyńska, Wagner, & Zalewski, 2008). 
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Additionally, EB contained significantly higher concentrations of both TP and Olsen P 
throughout the duration of the study, regardless of season.  
Looking specifically at the September vegetation samples, EB and VBS2 contained 
similar concentrations of biomass TP. However, when comparing biomass TP on a kg/ha 
basis, EB and VBS1 were similar, on average 10.3 kg/ha and 12.5 kg/ha respectively. These 
values are double the mean value of VBS2, 5.2 kg/ha. This can likely be explained by the 
significantly higher concentrations of biomass TP in VBS1 than in VBS2, and the 
significantly greater mass of biomass in EB than in VBS2.  
Biomass TP values vary considerably between the September sample within a single 
treatment, but this is not uncommon as different genotypes within a single species can 
influence P uptake (Missaoui, Boerma, & Bouton, 2005). Mean concentrations of biomass 
TP were highest at VBS1 (2633.33 mg/kg) followed by VBS2 (1766.67 mg/kg) and EB 
(1733.33 mg/kg). Thus, in this small dataset, vegetation species was a more important 
determinant of biomass TP than the age of the buffer. 
Loss of P over winter in the field vegetation samples reinforced the findings of the 
greenhouse experiments, that P will leach from vegetation over winter, likely due to the 
vegetation undergoing numerous FTCs. Similar to the comparisons of biomass TP 
concentrations, EB and VBS2 exhibited the greatest percent loss of biomass TP from 
September to March at 41% and 47% respectively, which is likely due to the fact that they 
were of similar species. However, when comparing concentrations on a dry weight basis over 
the sampled area, EB and VBS1 lost the most P mass, at 4.2 kg P/ha and 4.0 kg P/ha, while 
VBS2 lost less, just 2.5 kg P/ha. 
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Perennial vegetation such as timothy grass is known to adapt to the cold by translocating 
P to the roots from the shoots when they begin to senesce due to cold temperatures (Kröger, 
Holland, Moore, & Cooper, 2007; Morris & Lajtha, 1986; Stigter & Plaxton, 2015), but the 
comparison based on September to March loss in this study does not capture this 
physiological mechanism for VBS1 or VBS2. Root biomass TP concentrations fell 10% and 
11% in VBS1 and VBS2 respectively over the September to October period that can likely be 
explained by the young age of the buffer, as the mechanism behind translocation may not 
have yet developed. Root biomass TP in EB increased 11% in this same period and thus, in 
EB the loss of shoot biomass TP cannot all be attributed to leaching but instead can be at 
least partially attributed to translocation. 
The percentage of P lost over the winter in this field study corresponds with findings 
from research in other northern climates (Øgaard, 2015; Sturite et al., 2007). In this study, 
32-47% of biomass TP was lost over winter, while Sturite et al. (2007) found that 11-60% of 
biomass TP was lost and Øgaard (2015) found that 18-48% of TP was released over winter. 
Both the study in Morden, MB, and the Øgaard (2015) study in Norway measured loss of TP 
based on the difference between samples taken in fall and in the following spring. The Sturite 
et al. (2007) study measured loss of TP by capturing water that percolated through the soil as 
well as by the difference in biomass TP from fall and spring vegetation samples. The results 
from the seepage water analysis showed that 34% of lost P was recovered in the seepage 
water, which they argue is likely explained by the presence of cold acclimated microbial 
communities that likely immobilized much of the P while it was percolating through the soil. 
That study took place in Norway where winter temperatures rarely reached -10°C, hovered 
between -1°C and -6°C for the duration of winter and exhibited occasional fluctuations above 
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0°C, so the effect of ice and snow covered fields and frozen soils that hinder infiltration 
during spring melt that is common in the Canadian Prairies does not necessarily apply to this 
study. However, it is still an interesting finding that relates directly to the work undertaken in 
Morden as there was very little to no overland runoff during the spring melt in 2016 and, 
thus, much of the melt remained on fields until soils thawed enough that it could infiltrate. 
This was particularly true in EB, which, due to its well established stand of vegetation, 
maintained a complete cover of timothy residue. Thus, in the small studied area in Morden, 
MB, that has little topographic relief and two years of low snow accumulation, much of the P 
that was leached from vegetation may have seeped into soils and been immobilized. 
However, in landscapes with steeper field and bank gradients or in years with higher snow 
accumulation rates and large spring precipitation events that are common in parts of the 
prairies, it is likely that more overland runoff would occur and that more leached P from 
vegetation and soils would make it into the surface water.  
3.4.2 Soil and Biomass Relationship 
 It is important to analyze soil P concentrations with respect to the vegetation biomass 
samples because limited soil P can hinder biomass growth and, thus, influence biomass TP 
concentrations. Sites VBS2 and EB contained nearly identical biomass TP concentrations 
which is likely because they were composed of similar species. However, their soil Olsen P 
and TP values are significantly different across all the sampling dates. Thus, a more detailed 
investigation of soil P values between these two sites is useful to determine what the effect of 
low soil P concentrations can have on vegetation. Before any vegetation had been grown in 
VBS2, soil sampling in May 2015 demonstrated that concentrations of both Olsen P and TP 
were lower than in EB. Site VBS2 contained 12 mg/kg Olsen P and 550 mg/kg TP, whereas 
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EB contained 76 mg/kg Olsen P and 1100 mg/kg TP. This concentration difference was 
exacerbated after the growing season with samples taken in October 2015. October soil 
sampling, which took place at the same time as October biomass sampling, showed that EB 
had the highest values of both Olsen P and TP, 35 mg/kg and 1077 mg/kg, respectively. Site 
VBS1 was similarly high, with 27 mg/kg of Olsen P and 753 mg/kg of TP, while VBS2 
contained significantly less of both Olsen P (3.9 mg/kg) and TP (536 mg/kg).  
There are a couple of potential explanations for the difference in soil P levels at EB 
compared to VBS1 and VBS2. First, without harvesting and removing vegetation over winter 
from this site each year prior to 2016, some of the P that was leached from the frozen and 
thawed vegetation would have been delivered to the soil during snow melt and likely 
undergone immobilization and remobilization. The soil data from May 2016, after vegetation 
had been harvested and removed, showed that both Olsen P and TP concentrations in the soil 
at EB are significantly higher than in VBS1 or VBS2, which also supports the idea that 
vegetation or residue from vegetation can be a source of P within the buffer. Additionally, 
EB had been planted to timothy grass for 20 years and was likely trapping and accumulating 
sediments and sediment-associated P for the duration of its life span. 
Another explanation is that because of the lack of management to EB, the excess P 
coming from the aforementioned sources was likely not being used as efficiently as new 
vegetation would use it. As Kelly et al. (2007) pointed out, vegetation will eventually reach a 
plateau at which point it stops taking up large amounts of P. The significantly higher values 
of TP and Olsen P in the soil at EB compared to VBS2 could potentially be attributed to the 
plateau of P uptake that occurs in vegetation, but the timing of this plateau is species 
dependent (Kelly et al., 2007). In this study, it is likely that the EB has reached its plateau 
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because it had been planted for twenty years whereas VBS2 was in its first year of production 
and, thus, was likely still taking up large amounts of P. This comparison is unique to VBS2 
because it is comprised primarily of the same species of vegetation whereas VBS1 was 
comprised of weeds with some planted grasses. From May to October, concentrations of 
Olsen P at site VBS2 decreased by 66%, while EB Olsen P concentrations decreased just 
53%. With the low concentrations of Olsen P in VBS2, the new vegetation likely could have 
used more P if it was available. This is in contrast to EB, where there was excess soil P 
available, but where vegetation did not use an equivalent percentage as VBS2.  
Biomass TP for EB and VBS2 were very similar, so the significantly lower 
concentrations of Olsen P and soil TP did not affect biomass TP concentrations in VBS2. 
However, when comparing the total mass per hectare of biomass, EB produced 5888 kg/ha, 
more than double that of VBS2, which only produced 2867 kg/ha, which could be partially 
attributed to the low soil P in VBS2. However, soil P is likely not the only explanation for the 
significant differences in biomass between EB and VBS2, as other factors such as a lack of 
summer precipitation and seed being blown away by the wind in VBS2 hindered its initial 
growth and created a less densely vegetated buffer. The EB site was well established and 
thus, would not be significantly hindered by the lack of precipitation during the summer of 
2015. Soil P was likely the most important geochemical property, as NO3-N, pH, and EC 
were all similar between EB and VBS2 in May sampling. Of note were the low 
concentrations of NO3-N after the growing season in both VBS1 and VBS2. While 
concentrations of NO3-N were similar among all three sites during May 2015, concentrations 
in VBS1 and VBS2 were 1.2 mg/kg and 1.1 mg/kg, respectively, in October, compared to EB 
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that contained 7 mg/kg. NO3-N may have been limiting to the vegetation in VBS1 and VBS2 
and, thus, hindered growth of biomass in these buffers. 
Figure 3.11 is a conceptual diagram outlining some of the potential processes occurring at 
the EB site over three sampling periods. It includes P concentration data from the roots and 
shoots of vegetation as well as from the soils, beginning in September 2015 and concluding 
in May 2016.  Additionally, P-associated processes under both the scenario where grass is 
harvested in fall and the scenario where it is left on the landscape are included.     
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3.4.3 Greenhouse Experiments 
In northern climates it is common for vegetation to undergo numerous FTCs in the late 
fall, throughout winter, and in the spring. These cycles can damage plant cells as water is 
drawn away from plant cells into the extracellular matrix where ice crystals form (Pearce, 
2001). When the water potential of the cell and the ice crystals become equal, damage occurs 
to the cell membrane that can lead to the loss of electrolytes and solutes (Murai & Yoshida, 
1998; Steponkus, 1984; Stout, Majak, & Reaney, 1980). In northern climates where surface 
roughness is reduced because vegetation is covered by snow and ice, spring melt will carry 
electrolytes and solutes away from the vegetation and into adjacent water bodies.  
Numerous studies examining the potential for P leaching from vegetation after 
undergoing varying numbers of FTCs have focused on cover crops because they are often 
left on fields over winter. However, as buffer strips grow in popularity as a BMP in 
agricultural regions, focusing on common buffer vegetation for FTC studies becomes 
increasingly important. Timothy grass was chosen for this experiment because it is a 
commonly used species in buffers in the northern prairies, and because it is a perennial 
species that can be better adapted to winter conditions than other cover crops. Cellular 
dehydration, as described above, does not always occur in cold acclimated plants because 
they have adapted to increase their freezing tolerance with changes in their lipid membrane 
composition (Steponkus, 1993). 
The results presented above help to answer the research question: What is the potential 
for leaching from vegetation undergoing varying numbers of FTCs? While there are several 
studies that have focused on similar questions (see Appendix 1), this experiment, and its 
results, were unique in their focus on timothy grass as well as analysing samples from 
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multiple harvests. The results of the greenhouse experiments correspond with other studies 
that have found that vegetation characteristic of buffers in northern climates can become P 
sources (Bechmann et al., 2005; Liu et al., 2013; Liu et al., 2014; Øgaard, 2015; Roberson et 
al., 2007). 
There were no differences between the two soil treatments – soil unamended with MAP 
fertilizer and soil amended with MAP fertilizer – in either harvest. These results were 
unexpected but are likely attributable to the high concentration of Olsen P contained in the 
natural soil (30 mg/kg) that was taken from the Morden Research Centre. Concentrations of 
Olsen P after the grass had been growing for 65 days were still as high as 15 mg/kg in the 
unamended soil buckets. Thus, it is likely that the plants were never limited in the amount of 
P available to them for uptake in either treatment, especially with the short growing periods.  
The large increase in biomass WEP and extractable TP concentrations from zero FTCs to 
three FTCs and from zero FTCs to six FTCs is an important finding because a climate similar 
to Morden, MB, would likely undergo more than six FTCs throughout fall, winter and early 
spring. For example, in November 2015 alone, Morden experienced six days where 
temperatures dropped below -2°C, the threshold when cellular dehydration begins to occur, 
and subsequently rose above +1°C. A common criticism of FTC studies conducted in a 
controlled greenhouse or laboratory environment instead of the field is that the temperatures 
used for the freezing and thawing are too extreme and would not occur in the field. However, 
in Morden, the most extreme fluctuation in temperature for 2015 occurred on November 29, 
when temperatures dropped to -12.3°C and rose to +3.8°C within 24 hours. This fluctuation 
is not a great departure from the -20°C to +4°C regime undertaken in the above described 
greenhouse experiments. 
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The results from this greenhouse experiment showed that there was significantly more 
WEP released from vegetation undergoing three or six FTCs than vegetation undergoing zero 
FTCs, which was expected. Additionally, for both harvests, the percent of extractable TP 
released as WEP ranged from 53-100%. These findings are consistent with the work of 
Øgaard (2015) who found that DRP comprised 67-82% of extractable TP in greenhouse 
grown species and that 55-91% of extractable TP was DRP in outdoor experiments in 
Norway. The concentration and percent of extractable TP released as WEP are important 
because WEP is the most bioavailable form of P and can thus contribute to eutrophication in 
aquatic systems. The finding of increases in concentrations of WEP and the percent of 
extractable TP released as WEP with increasing number of FTCs is important because it 
underscores the idea that not only does increased FTCs increase the amount of P released, 
but also the amount of bioavailable P released.   
Fresh biomass released only a small percentage of biomass TP as WEP, but significantly 
more biomass TP was released as WEP after three FTCs and six FTCs. For the first harvest, 
after three FTCs, 30% of biomass TP was released as WEP and after six FTCs, 37% was 
released. For the second harvest, after three FTCs, 38% of biomass TP was released as WEP 
compared to 41% after six FTCs. These findings correspond with the work of Bechmann et 
al. (2005) who found that after just one FTC, 41% of biomass TP was released as WEP in 
greenhouse grown ryegrass and after eight FTCs, 100% of biomass TP was released as WEP. 
The concentrations of WEP were higher in the Bechmann et al. (2005) study than in the 
study described above, which can possibly be explained by the difference in species. 
Bechmann et al. (2005) grew ryegrass, an annual species, whereas timothy grass is a 
perennial species that is adapted to survive colder temperatures even when it is not cold 
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acclimated. In a study that included both species, Øgaard (2015) found that after seven FTCs, 
ryegrass released nearly 10% of biomass TP as WEP compared to <1% in timothy. It should 
be noted that values in the Øgaard (2015) study are lower than both the Bechmann et al. 
(2005) study and the present study, likely due to less intense fluctuations during FTCs in that 
study, consisting of 12 hrs duration at -10°C and 12 hours duration at +5°C. Additionally, the 
results from the Øgaard (2015) study come from field experiments where the vegetation was 
cold acclimated, whereas the greenhouse-grown vegetation without an introduction of any 
winter conditions before FTCs are induced does not allow for plants to adapt as well as they 
would in field conditions. 
Understanding and interpreting the results from these greenhouse experiments within the 
context of other similar studies is important because while the present study was similar in 
some of its methodology, it also was unique in that there were two vegetation harvests. When 
examining other FTC studies conducted both in controlled settings and in the field, a wide 
range of extraction methods and growing conditions were used (Appendix 1). Additionally, 
no two studies were consistent in their timing and temperature of FTCs, or in the volume of 
water used to extract P and shaking rates. Appendix 1 outlines the methods and selected 
results of 10 studies that can be categorized as FTC runoff or leaching studies.  The results 
from the experiments undertaken at UNBC correspond well with many of these studies that 
have found increasing leaching of WEP with increasing numbers of FTCs as well as a high 
percentage, 53%-100% in this study, of extractable TP being released as WEP. While some 
studies have shown a greater proportion of biomass TP released as WEP (e.g. Bechmann et 
al., 2005; Räty et al., 2010), the results from this study correspond directly to the work of 
others (e.g. Øgaard, 2015; Roberson et al., 2007). What remains to be fully understood is 
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how the temperature at which vegetation freezes and thaws and the number of FTCs impacts 
the concentration of releasable P. Some research has shown that the duration of freezing does 
not impact releasable P concentrations, just the rate at which temperature drops or the 
temperature at which vegetation remains frozen (Levitt 1980). As some general conclusions 
can now be made about the impact of FTCs on a range of different species grown primarily 
in laboratories, more research needs to be undertaken in the field, under natural conditions. 
One aspect of the experiments described in Section 3.3.3 that has not been explored 
elsewhere in the literature was the comparison of WEP and extractable TP released in two 
subsequent harvests. Differences between multiple harvests were undertaken because it 
would be common for a landowner to harvest a forage crop such as timothy twice during a 
season, harvesting for a second time 5-6 weeks after the first. In biomass that underwent 
three or six FTCs, extractable TP and WEP were higher in the first harvest than in the 
second. When comparing the percent of biomass TP released as WEP, percentages are lower 
in the second harvest. This likely can be explained by the significantly lower concentrations 
of biomass P that was to be expected due to the 37-day growth period compared to the 65-
day growth period of the first harvest. More P would have been available for leaching from 
the 65-day vegetation than from the 37-day vegetation. 
Beyond the benefits to the landowner of multiple harvests of buffer vegetation, another 
benefit of harvesting buffer vegetation twice before winter would be that each harvest 
stimulates vegetation growth, which increases P uptake from the soil. Thus, by harvesting 
twice, an even greater amount of P could be removed from the soil and eventually from the 
landscape. As noted by Kelly et al. (2007) in their study of P uptake over a four-year study 
period in western Iowa, USA, cover crops and herbaceous vegetation reach a plateau of P 
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uptake at which point they are no longer continuously depleting soil P levels. Thus, in order 
to encourage continuous uptake of P, harvesting of the vegetation is recommended. The 
results from this greenhouse work would suggest that, when determining BMP for buffers in 
a northern region, the usefulness of multiple harvests of the vegetation should be taken into 
consideration. 
3.5 Summary and Implications 
The results of both the greenhouse and field experiments correspond with other studies 
investigating the effect of FTCs and over-wintering of vegetation. Results from the FTC 
experiments in the laboratory showed that after just three FTCs, WEP and extractable TP 
significantly increased, a finding that is supported in the literature (Bechmann et al., 2005; 
Øgaard, 2015; Roberson et al., 2007). The clear trend in the field vegetation samples of 
losing P in the biomass over winter also supports the idea of loss of P after multiple FTCs. 
The amount of P lost to runoff could not be quantified in this study, but based on the P lost 
from vegetation over winter, loss of P in runoff likely occurred at each site. 
Thus, one management strategy that should be considered in climates where FTCs occur 
is to harvest the vegetation and remove it from the buffer feature and landscape. This strategy 
would be beneficial to farmers as the land planted as a buffer could be used for hay and the 
quantities of P leaching from vegetation residue would likely be reduced compared to the 
actively growing vegetation. However, harvest of the vegetation would leave buffers bare 
over winter and could lead to soil erosion and movement of nutrients into the stream in the 
spring in much the same way that cropped fields do, which is the process that buffers were 
designed to protect against. It does not appear that FTCs have the same impact on soils as 
they do on vegetation biomass, as experiments by Bechmann et al. (2005) found that there 
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were no differences in SRP concentrations in runoff coming from soils that were just frozen 
and those that were frozen and thawed.  
In areas where overland runoff and significant field erosion is not of primary concern, the 
best management strategies for buffers would be to, most importantly, maintain low levels of 
nutrients in soils and also to harvest vegetation. In the two years of data collection at the field 
site in Morden, little to no overland runoff during spring was observed partially due to low 
snow accumulation. Additionally, the slope of fields and drainage ditches is minimal so this 
management strategy would likely have been effective in reducing P loading to the 
waterbodies. However, in landscapes with higher gradients in the field and near ditches, the 
potential for soil erosion during the spring melt are higher and the strategy of removing 
vegetation would need to be considered carefully.  
Beyond reducing the potential for leaching, harvesting and removing buffer biomass has 
the added benefit of maintaining high rates of nutrient uptake in the vegetation (Hefting et 
al., 2005; Kelly et al., 2007; Kiedrzyńska et al., 2008). As Kelly et al. (2007) point out, if the 
intention of buffers is to reduce P loading through plant uptake then harvesting the shoots of 
this vegetation is of great importance.  
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Chapter 4 Conclusions 
4.1 Conclusions 
The intent of this thesis was to undertake an investigation of the effectiveness of buffers 
of contrasting age and composition, particularly within the context of the climatic conditions 
of northern climates. In support of the first objective, it was important to understand the flow 
and chemistry of shallow groundwater and soil water moving from a cultivated field through 
the buffer and finally to an adjacent surface water feature. Historically, there has been a large 
amount of research on the effectiveness of buffers in filtering out particulate and dissolved 
nutrients, and P in particular. However, the importance of the dormancy of vegetation during 
winter and during the spring snowmelt had not been considered to a large extent until 
recently.  
Over the two-year period of this study, it was concluded that little lateral flow was 
occurring in the buffers based on the results of both dye staining simulations and monitoring 
of hydraulic head, as described in Chapter 2. Additionally, because of the dry conditions in 
the field, it is unlikely that there was much vertical infiltration to the depth of the 
piezometers, except for a couple of precipitation events in the summer of 2015 when 
concentrations of P were the highest over the entire study period. This is consistent with the 
prior research of Vadas et al. (2007) who found in a study in Maryland, USA, that soil P was 
mobilized to depths of 1.5 m after large scale precipitation events.  
Chapter 3 addressed the overarching research objective of determining the effectiveness 
and differences of newly planted and a well-established buffer. The results of the greenhouse 
experiments showed that with an increasing number of FTCs, concentrations of WEP 
leached from the vegetation also increased. Additionally, more than 50% of the biomass TP 
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released during these experiments was WEP, which is the most bioavailable form of P. These 
results on the potential leaching of P from vegetation add to the growing body of research 
implicating buffer vegetation as a potential source of P to surface waters under certain 
conditions. Whereas these experiments focused only on leaching, Elliott (2013) conducted 
FTC experiments using snowmelt runoff and varying species and found that while some 
species released less P, all of the species responded to the effects of FTCs. The greenhouse 
experiments described in Chapter 3 only included as many as six FTCs, but the results 
suggest that concentrations of both biomass WEP and extractable TP would have continued 
to increase with increasing FTCs (Bechmann et al., 2005).  
One of the common criticisms of greenhouse experiments with regards to FTC effects on 
vegetation is that the vegetation in a laboratory setting is more susceptible to the impacts of 
freezing temperatures because it was never acclimated to the cold in the way that field 
vegetation would be. Thus, Chapter 3 also includes an analysis of changing concentrations of 
P contained in the biomass from fall to spring. The results indicate that there was a 
significant loss of P in vegetation at each of the buffers, which seems to coincide with the 
results from the greenhouse experiments. Øgaard (2015) included natural growing and 
freeze-thaw conditions in her study in Norway and found results which compare closely to 
the results from this study.  
Another important finding from the work described in Chapters 2 and 3 – because of its 
relevance both to water quality and potential uptake of P by and leaching from vegetation – 
was the elevated levels of Olsen P and TP in the soils of the EB compared to the new buffers. 
This remained true through both years of sampling and throughout both spring and fall. 
These results support the theory of the potential for buffers to become sources of P. In a field 
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study in southeastern Manitoba, Sheppard et al. (2006) found that, in some instances, P 
concentrations in runoff through a buffer strip actually increased compared to that runoff at 
the field edge. Additionally, they found that soils sampled from within the buffer had higher 
P concentrations than in field soils, a phenomenon also demonstrated by the results presented 
in Chapters 2 and 3.  
Legacy P is a concept originally explored by Kleinman et al. (2011), but one that has 
been expanded upon as the predicted water quality improvements from various BMPs have 
not come to fruition. Broadly defined as P that has accumulated within transport pathways, 
legacy P is important because of its ability to be mobilized and transported for many years, 
even after conservation practices have been implemented (Kleinman et al., 2011). The 
sorption potential of P to soils is much higher than concentrations maintained in soil solution, 
so the amount of P that can be contained within a landscape feature such as a buffer creates 
large P sinks. In the immediate time frame this can reduce loading of P to adjacent surface 
water bodies, which is likely occurring at EB. However, it is likely that eventually much of 
this P will be mobilized either in its particulate or soluble form during large runoff events 
(McDowell & Sharpley, 2002). The high concentrations of both Olsen P and TP in the soils 
in EB support the idea that this buffer has accumulated P over time, but that this P could 
potentially be mobilized during a large runoff event.   
Two of the most important driving factors as to the effectiveness of buffer strip at 
reducing P loads to streams and rivers are the potential for leaching of P from vegetation in 
northern climates, and the potential for mobilization and transport of legacy P. The research 
described in this thesis add to the growing body of knowledge on the impact of vegetation 
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that is not actively growing year-round and that is susceptible to leaching, as well as the 
potential for buffers to become sources of P if they are not managed strategically.  
4.2 Study Limitations and Future Research 
As is the case in every study, there were limitations in this project that should be noted. 
The biggest of these limitations was the drastic dichotomy between the new buffers, which 
were only planted to grass in spring 2015 and the established buffer that had been established 
as meadow foxtail for 20 years. Ideally, the study would have also included a buffer that had 
been planted and established for 5-10 years to determine if there is a threshold of P uptake or 
a limitation of P storage in buffers as is predicted by the literature (Kelly et al., 2007). There 
is often a lag from when BMPs, including buffers, are installed to when they begin to show a 
water quality response (Meals et al., 2010), so including a middle-aged buffer would help 
determine when that response begins.  
Additionally, there were situations that arose in the field and environmental conditions 
that impacted the study but that were impossible to predict. Both the winter of 2014 and 2015 
had multiple mid-winter thaws, which reduced the amount of snow available to contribute to 
runoff during the final snowmelt period in March of 2015 and 2016. Very little overland 
runoff was observed during the study period that could have significantly impacted soil P 
levels as water that may have been transported to the adjacent stream in a higher snowfall 
year likely ponded and eventually infiltrated. The lack of rain in the summer of 2015 also 
reduced the number of samples that could be taken from piezometers and lysimeters. More 
samples from both instruments would have led to a statistical analysis with more power and 
the potential for the use of correlations between the two types of water sample. 
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Finally, vegetation samples taken in the buffer in May 2016 were limited due to the 
unexpected harvest of vegetation from all of the buffers by AAFC staff in late-September 
2015. The concentration of P in vegetation can vary greatly from sample to sample so a 
greater number of samples and variety of species sampled would have improved the power of 
the statistical analysis and potentially provided insight into what species are better cold-
acclimated and thus do not leach as much P after multiple FTCs.  
With limitations comes the opportunity for future research to improve what was done and 
to advance the conclusions that have been made. This study showed that vegetation will 
leach P after multiple FTCs but it could not quantify the concentrations of P coming off of 
the vegetation during the spring snowmelt and delivered to surface waters. A common field 
technique that could be used at the Morden Research Centre would be to build trenches along 
the buffer-stream interface that would collect overland runoff. Ideally, this would be used at 
a buffer that was left unharvested and one that had been harvested to determine if there were 
significant differences in concentrations from dead but intact vegetation and residue.  
Additionally, it would be useful to compare buffers of completely native species and 
buffers planted to common forage crops. This would be useful for land managers as buffers 
become implemented more often and in some places become mandatory. Different species 
have different potentials for taking up and leaching P, and thus vegetation characteristics 
could be an important determinant as to whether a buffer becomes a sink or source. 
4.3 Management Strategies 
Based on the two years of low precipitation, very little lateral flow occurred at this site. 
However, vertical infiltration was observed, and is likely the more frequently occurring 
transport pathway at the Morden Research Centre, particularly at the sites where the soils are 
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sandy. Also, because there was minimal snow left on the ground during the spring melt, there 
was a lack of overland runoff that occurred during these two years. The snow that did remain 
to the melt period was likely absorbed within the buffer and slowly infiltrated as soils 
thawed. This is particularly true in EB, which is a wide buffer (~20 m) with little slope even 
at the edge it shares with the unnamed stream.  
If only investigating the effectiveness of buffers based on the above observations, it 
would follow that the implementation of buffers should be encouraged because the buffers in 
this study, particularly EB, were likely effective at filtering and trapping most of the mobile 
P from entering the stream. However, as is clear from the high concentrations of both soil 
Olsen P and TP in EB, there is a build-up of P within this buffer that will likely be 
remobilized and transported to the stream at some point. Additionally, the greenhouse 
experiments outlined in Chapter 3, as well as the work of Elliott (2013), Øgaard (2015) and 
others, make it clear that the various vegetation species are likely to become a source of P.  
Thus, for landowners and land managers contemplating the addition of a buffer to the 
landscape in order to reduce nutrient loading, it is important to consider buffer management 
strategies. Before P concentrations become so elevated that common conservation techniques 
are rendered unsuitable, it would be ideal to either burn or interseed the buffer to encourage 
continuous uptake of soil P. Both of these techniques revitalize the vegetation and encourage 
P uptake. Management to encourage the revitalization of vegetation is important because 
most species of vegetation will plateau in its uptake of P but this plateau is species dependent 
(Kelly et al., 2007). Another option is to plant a variety of native cool and warm season 
grasses that would encourage P uptake for a longer part of the year than if only a single 
species is planted. 
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While the management practices described above would encourage the uptake of excess 
soil P, the problem of P leaching from vegetation, as described in Chapter 3, is also 
important to consider. One potential management strategy would be to harvest the vegetation 
and remove it from the landscape completely. This is particularly useful in buffers with low 
concentrations of soil P and with low potential for significant soil erosion and where forage 
crops such as timothy or alfalfa could be used by land managers. However, in buffers with 
steep slopes or highly erodible soils, harvesting vegetation and leaving soil exposed over 
winter and during the spring melt would likely increase particulate P transport and the buffer 
could become a source.  
Through the research described in Chapters 2 and 3, and the immense body of literature 
on the effectiveness of buffers of different widths, species, and management strategies, it is 
apparent that there is no ‘one size fits all’ solution when it comes to the implementation and 
management of buffer strips. However, as this thesis has demonstrated, with an 
understanding of the movement of water within the landscape, of the behaviour and function 
of vegetation, and the concentrations of P and texture of soil, significant improvements over 
current practices could be made in mitigating the transport of P to rivers, streams and 
agricultural ditches.  
Additional work being undertaken within the same buffers at the Morden Research 
Centre by Jason Vanrobaeys, as part of the larger LWBSF project, but focusing on surface 
water quality have found that the buffers have been inconsistent at reducing TP and TDP 
concentrations. Preliminary results show that the buffers are most effective at reducing TP 
concentrations during the growing season (78% of events). Additionally, buffers reduced TP 
concentrations during the spring melt by 60% and during fall precipitation events by 33% 
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(Vanrobaeys, Owens, & Lobb, 2017). Comparing the concentrations of TDP and TP in the 
outflows from the buffer strips to their cultivated control strips has shown that the control 
strips are more effective than the buffers during the melt period. 
Another management strategy being widely researched and discussed is the addition of 
retention ponds on the landscape to reduce water yield and nutrient concentrations. Two 
retention ponds were constructed at the Morden Research Centre study site, also as part of 
the larger LWBSF project, and inflows and outflows of TDP, TP and TSS were measured. 
When data from the two ponds were combined, preliminary results show that loads were 
reduced by 92-93%, 89-93%, and 87-99% for TDP, TP, and TSS, respectively. 
Concentrations of TDP, TP, and TSS were reduced by 51-92%, 38-88%, and 77-97%, 
respectively (Vanrobaeys & Que, 2016). The preliminary results from the construction of 
these water retention structures are promising and will be useful for the future 
implementation of BMPs in northern landscapes. Adoption of retention ponds by landowners 
is less ubiquitous than buffer strips currently because of their construction costs and the 
associated loss of arable land, however, they will likely become an important part of a larger 
nutrient management strategy in the LWB. 
The task of reducing P loading into Lake Winnipeg cannot be solved with any one 
management strategy and with the increased understanding of the implications of legacy P on 
the landscape, drastic reductions are not likely to be realized in the immediate future. 
However, if improvements are to be made in reducing the delivery of P to Lake Winnipeg 
from the river basins – where land use is primarily heavily managed agriculture such as 
Morden, MB – then the design of new mitigation strategies and management of these 
strategies on a landscape or basin scale is essential. 
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Appendix 1 
Appendix 1 A comparison of 10 studies that incorporated FTCs in experiments on leaching and runoff potential of various forms of dissolved phosphorus from 
vegetation. A list of abbreviations is found at the end of the table.  
Reference Growing 
conditions: 
Lab/Field 
Plant  
Material 
Freeze-Thaw treatment 
Temp°C (duration-hrs) 
Shaking  Extraction Method Selected Results 
Timmons et 
al. (1970)1,i 
 
Field 
 
Minnesota, USA 
Shoots 1. Fresh material leached 
immediately. Followed by 2 
cycles of -16°C (16-24), thaw 
(0.25), leach 
2. 3 cycles of: -16°C (16-24), 
thaw (0.25), leach 
3. -16°C (16-24), thaw (0.25), 
leach. Followed by -16°C (16-
24), thaw, +65°C (8), leach, -
16°C (16-24), thaw, leach 
No shaking 20-25 g samples were 
soaked in 300 mL DI for 1 
hr. followed by percolation 
of 700 mL DI through 
sample for 1.5 hrs. 
 
7-13% of TP leached as 
TSP (barley & oats) 
31-53% of TP leached as 
TSP (alfalfa) 
51-80% of TP leached as 
TSP (bluegrass) 
Values are a sum from 3 
leachings for each of the 
treatments 
Miller et al. 
(1994) 
Field 
 
Ontario, Canada 
Shoots 1. -18°C (N/A) 
2. -18°C (N/A)/ 30°C 
No shaking Biomass from 2.25 m2 area 
frozen or frozen and dried, 
subjected to a 2 cm/hr. or 
4cm/hr. rainfall event 
1. 14-32% SP leached 
2. 22-33% SP leached 
**Used a weighted mean 
concentration** 
Bechmann et 
al. (2005) 
Lab 
 
Pennsylvania, 
USA 
Shoots -18°C (12)/+10°C (12) 
FTCs: 0,1,2,4,6,8 
Time: 1hr.  
Rate: Not 
reported 
Temp: 25°C 
0.4 g fresh biomass added 
to 80 mL of DI 
0 FTCs: <1% of plant TP 
released as WEP 
1 FTC: 40% of plant TP 
released as WEP 
8 FTC: >100% of plant 
TP released as WEP 
Roberson et 
al. (2007) 
Field 
 
Wisconsin, USA 
Shoots - 
alfalfa 
1. Fresh samples (No FTCs) 
2. -5°C (24) 
3. -5°C (24)/Room temperature 
(24) 
Time: 1hr.  
Rate: Not 
reported 
Temp: Not 
reported 
150 g fresh biomass added 
to 1300 mL DI water 
14% of plant TP released 
as SP 
18% of plant TP released 
as TSP 
                                                 
1 Additional freeze-thaw experiments were undertaken but not included in this table 
141 
 
Saleh (2008) Field 
 
Manitoba, 
Canada 
Residues Samples were soaked at room 
temperature (24), then frozen at -
15°C (24), then thawed (36) 
Gentle rolling 
of samples in 
DI before and 
after FTC 
0.0625 m2 equivalent of 
residues added to 3.7 L of 
DI 
Water extractable SRP in 
frozen/thawed residue: 
2.3 mg/L 
Räty et al. 
(2010) 
Field 
 
Finland 
Shoots Natural conditions Time: 18 hr. 
Rate: 250 rpm 
Temp: Not 
reported 
0.5 g dried and ground 
plant sample added to 
50mL water. Samples were 
precipitated with 2.5 mL of 
0.5M H2SO4 to 10 mL of 
extract 
Average of 67% of TP 
was MRP 
Elliott 
(2013)a 
Field 
 
Saskatchewan,  
Canada 
Crop and 
plant 
residues 
-5°C/+9°C/-5°C (diurnal cycles 
for 3 days) followed by 2 days of 
+5°C 
No shaking 20 mm SWE overlain 0.04 
m2 of residue sample. 
After snow had all melted, 
meltwater was decanted 
and analysed 
Residues released 6-15 
mg/L P 
 
(<1% of TP contained in 
residue biomass) 
Liu et al. 
(2013) 
Lab 
 
Sweden 
Roots and 
shoots 
1. -18°C (62)/+18°C (10) 
2. +4°C (20) 
3. -18°C (10)/+18°C (10) 
4. -18°C (10)/+18°C (10) 
 
Time: 1 hr. 
Rate: 16 rpm 
Temp: Room 
temperature 
All Extractions: 2.0 g fresh 
biomass in 100 mL of DI 
water.  
1. Four consecutive water 
extractions occurred every 
5 hours 
2. Single water extraction  
3. Four consecutive water 
extractions occurred every 
5 hours 
4. Single water extraction 
after each FTC 
Shoots: WEP ranged 
from 10 mg/kg on fresh 
material to 1600 mg/kg 
from extraction method 
4 (see adjacent column) 
 
Roots: Released on 
average 43% less TP 
than shoots. No 
significant difference 
between extraction 
methods 
Liu et al. 
(2014)a 
Field 
 
Manitoba, 
Canada 
Crop and 
perennial 
forage 
residue 
Samples were soaked at room 
temperature (24), then frozen at -
20°C (24), then thawed 
overnight 
Hand shaken 
for 30 s before 
freezing, 
gentle rolling 
after thaw 
0.0625 m2 equivalent of 
residues added to 1.875 L 
of DI 
Perennial forage released 
significantly more WEP 
than annual crop 
residues. 
 
 
Øgaard 
(2015) 
Lab 
 
Norway 
Shoots -10°C (12)/+5°C (12) 
FTC 
Time: 1hr.  
Rate: 75 rpm 
Temp: Room 
temperature 
3.0 g fresh plant material 
added to 80 mL distilled 
water 
67-82% of TP was DRP 
1% of plant TP was 
released after 7 FTCs in 
timothy 
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Øgaard 
(2015) 
Field 
 
Norway 
Shoots Natural conditions Time: 1hr.  
Rate: 75 rpm 
Temp: Room 
temperature 
2.0 g fresh field samples 
added to 90 mL water 
-55-91% of TP was DRP 
-45% of plant TP was 
released after entire 
winter season 
DI, deionized water 
FTCs, freeze-thaw cycles 
TP, total phosphorus 
TSP, total soluble phosphorus 
DRP, dissolved reactive phosphorus 
SRP, soluble reactive phosphorus 
WEP, water extractable phosphorus 
SWE, snow water equivalent 
a Denotes a runoff study which incorporates the impact of FTCs on P release 
                                                 
